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ABSTRACT
We present the results of millimeter observations and a suitable chemical and
radiative transfer model of the AB Aurigae (HD 31293) circumstellar disk and
surrounding envelope. The integral molecular content of this system is studied
by observing CO, C18O, CS, HCO+, DCO+, H2CO, HCN, HNC, and SiO ro-
tational lines with the IRAM 30-m antenna, while the disk is mapped in the
HCO+(1-0) transition with the Plateau de Bure interferometer. Using a flared
disk model with a vertical temperature gradient and an isothermal spherical en-
velope model with a shadowed midplane and two unshielded cones together with
a gas-grain chemical network, time-dependent abundances of observationally im-
portant molecules are calculated. Then a 2D non-LTE line radiative transfer
code is applied to compute excitation temperatures of several rotational tran-
sitions of HCO+, CO, C18O, and CS molecules. We synthesize the HCO+(1-
0) interferometric map along with single-dish CO(2-1), C18O(2-1), HCO+(1-0),
HCO+(3-2), CS(2-1), and CS(5-4) spectra and compared them with the observa-
tions. Our disk model successfully reproduces observed interferometric HCO+(1-
0) data, thereby constraining the following disk properties: (1) the inclination an-
gle ι = 17+6−3
◦, (2) the position angle φ = 80±30◦, (3) the size Rout = 400±200 AU,
(4) the mass Mdisk = 1.3 · 10−2M⊙ (with a factor of ∼ 7 uncertainty), and (5)
that the disk is in Keplerian rotation. Furthermore, indirect evidence for a local
inhomogeneity of the envelope at & 600 AU is found. The single-dish spectra
are synthesized for three different cases, namely, for the disk model, for the enve-
lope model, and for their combination. An overall reasonable agreement between
all modeled and acquired line intensities, widths, and profiles is achieved for
the latter model, with the exception of the CS(5-4) data that require presence
of high density clumpy structures in the model. This allows to constrain the
physical structure of the AB Aur inner envelope: (1) its mass-average temper-
ature is about 35 ± 14 K, (2) the density goes inversely down with the radius,
ρ ∝ r−1.0±0.3, starting from an initial value n0 ≈ 3.9 · 105 cm−3 at 400 AU, and
(3) the mass of the shielded region within 2 200 AU is about 4 · 10−3M⊙ (the
latter two quantities are uncertain by a factor of ∼ 7). Also, evolutionary nature
and lifetime for dispersal of the AB Aur system and Herbig Ae/Be systems in
general are discussed.
Subject headings: astrochemistry — line: profiles — radiative transfer — circum-
stellar matter — stars: individual: AB Aur — stars: formation
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1. Introduction
Nowadays the study of planet formation attracts particular attention in astrophysics
since the recent discovery of extrasolar planets (e.g., Marcy & Butler 2000). One of the
main goals of this study is to envisage the evolutionary scenario for protoplanetary disks
around young low- and intermediate-mass stars in which planets might have formed or are
forming (e.g., Beckwith, Henning, & Nakagawa 2000). High-resolution observations with
infrared and millimeter interferometers as well as UV-to-cm ground-based and space-borne
single-dish telescopes have clearly demonstrated that such disks exist and provided a wealth
of information concerning their gas and dust content (see, e.g., Telesco & Knacke 1991;
Kawabe et al. 1993; Mannings & Emerson 1994; Dutrey, Guilloteau, & Guelin 1997; van
Dishoeck & Blake 1998; Padgett et al. 1999; van den Ancker et al. 2000; Thi et al. 2001;
Wilner et al. 2002; Wahhaj et al. 2003; Apai et al. 2004). On the other hand, increasing
computer power and the development of sophisticated numerical algorithms during the last
years have made possible a more realistic modeling of their hydrodynamical and chemical
evolution (e.g., Gail 1998; Willacy et al. 1998; Aikawa et al. 2002; Markwick et al. 2002; van
Zadelhoff et al. 2003; Ilgner et al. 2004; Semenov, Wiebe, & Henning 2004). Coupled with
appropriate (line) radiative transfer simulations, this offers an unique way to account for
relevant observational data not only qualitatively but also quantitatively (e.g., Guilloteau &
Dutrey 1998; Hogerheijde & van der Tak 2000; Hogerheijde 2001; van Zadelhoff et al. 2001;
Bergin et al. 2003).
The aim of the present paper is to develop the first comprehensive model of the phys-
ical, chemical, and dynamical structure of the circumstellar matter orbiting around an
intermediate-mass Herbig Ae star based on available observations. We focus on AB Aur,
which is one of the nearest and best-studied object among the entire class of the Herbig Ae
stars. The AB Aur system consists of a pre-main-sequence (PMS) star with spectral type
A0Ve+sh (mass M∗ ∼ 2.4M⊙, radius R∗ ≈ 2.5R⊙, The´, de Winter, & Pe´rez 1994) located
at a distance of ≈ 145 pc (van den Ancker et al. 1997; van den Ancker, de Winter, & Tjin
A Djin 1998), which is surrounded by a r . 450 AU rotating circumstellar disk (Mannings
& Sargent 1997) and an extended (r > 1 000 AU) envelope (Nakajima & Golimowski 1995;
Grady et al. 1999; Roberge et al. 2001). As it is a PMS object, the age of AB Aur can be
roughly estimated by using evolutionary track modeling, giving a value of t ≈ 2-5 Myr (Thi
et al. 2001; DeWarf et al. 2003).
One of the long-standing mysteries that is related to this object is the value of the disk
inclination angle. Mannings & Sargent (1997) have spatially resolved a disk-like configuration
around AB Aur using OVRO (Owens Valley Radio Observatory) aperture-synthesis imaging
in the 13CO(1-0) line. From the aspect ratio of the disk major and marginally resolved minor
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semiaxes, ∼ 110 AU/450 AU, they have derived a disk inclination angle ι ≈ 76◦ (almost
“edge-on” orientation), which is in close agreement with mid-infrared (MIR) observations of
Marsh et al. (1995). However, near-infrared (NIR) interferometric observations by Millan-
Gabet et al. (1999, 2001) have revealed that the AB Aur system looks nearly spherically-
symmetric at ∼ 1 AU scale, implying that the inclination angle is close to 0◦ (“face-on”).
This is in accordance with a value of ι < 45◦ deduced from scattered-light Hubble Space
Telescope (HST) coronographic imaging by Grady et al. (1999) and ι ∈ [27◦, 35◦] estimated
by Eisner et al. (2003) using NIR measurements with the Palomar Testbed Interferometer
(PTI). Recently, using coronographic NIR-imaging with the Subaru telescope, Fukagawa et
al. (2004) have found an inclination ι = 30±5◦. Moreover, Miroshnichenko et al. (1999) have
obtained ι = 80◦ in the framework of their best-fit “disk-in-envelope” model to the observed
spectral energy distribution (SED). A similar value of 65◦ has been used by Dominik et al.
(2003), who have successfully fitted the AB Aur SED by a flared disk model with a puffed-up
inner rim. Obviously, there is a general disagreement regarding the disk orientation observed
with IR- and mm-interferometers or derived from the SED modeling, though more recent
studies point to a face-on configuration. A combination of high-quality observational data
and appropriate theoretical modeling would allow to determine precisely, among many other
parameters, the orientation of the AB Aur system.
In this paper, we report on the results of our observations at millimeter wavelengths
and modeling of the AB Aur system. The object was observed at low resolution (∼ 10′′-30′′)
using the IRAM 30-m antenna between 2000 and 2001 and at a higher ≈ 5′′ resolution in the
HCO+(1-0) line with the IRAM Plateau de Bure Interferometer (PdBI) in 2002. About a
dozen rotational transitions of CO, C18O, CS, HCN, HNC, HCO+, DCO+, SiO, and H2CO
were detected with the IRAM 30-m telescope. These single-dish and interferometric data as
well as supplementary data from the literature form the observational basis for our study.
First, we simulate the time-dependent chemical evolution of the AB Aur system using
a gas-grain chemical network and assuming a two-component model of a flared passive ac-
cretion disk enshrouded in a diffuse spherical envelope. Second, we apply a 2D non-LTE
line radiative transfer code to translate the calculated molecular abundances of CS, CO,
and HCO+ to the corresponding synthetic beam-convolved single-dish and interferometric
spectra. Next, we compare the observed and synthesized emission lines in a systematic way
in order to determine the model parameters consequently, each after another. Iterating these
three stages of the modeling, we find the best-fit model of the AB Aur disk and envelope
and estimate uncertainties of the constrained parameters.
Our primary intention is to verify the strength of such an advanced theoretical approach
to account for various observed interferometric and single-dish molecular spectra simultane-
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ously. As a by-product of this study, many important parameters describing the physical,
chemical, and dynamical structure of the AB Aur system can be constrained independently
from other investigations performed so far.
This paper is organized as follows. In Sect. 2 we describe our single-dish and interfer-
ometric millimeter observations of AB Aur with the PdBI array and IRAM 30-m antenna.
The relevant physical and chemical models of the disk and envelope are presented and dis-
cussed in Sect. 3. We briefly outline the algorithm and limitations of the 2D line radiative
transfer code “URAN(IA)” and calculate excitation temperatures of several rotational tran-
sitions of the CS, CO, C18O, and HCO+ molecules in Sect. 4. Using the best-fit model of
the AB Aurigae system, the corresponding interferometric map of the HCO+(1-0) emission
and single-dish CO(2-1), HCO+(1-0), HCO+(3-2), C18O(2-1), and CS(2-1) spectra are syn-
thesized and compared with the observed spectra in Sect. 5. In this Section, we also discuss
how parameters of the best-fit model and their uncertainties are constrained, and what the
evolutionary status and lifetime of the AB Aur system are. A summary and final conclusions
follow in Sect. 6.
2. Millimeter observations of AB Aur
2.1. The IRAM 30-m data
The observations of AB Aur with the IRAM 30-m dish were performed during two runs
in September 2000 and October 2001. We measured several spectral line settings at the
following sky position:
α2000 = 04
h 55m 45s.8,
δ2000 = +30
◦ 33′ 04′′.3.
The observations were carried out with all four receivers, A, B, C, D as the frontends
and the autocorrelator as the backend. We used the autocorrelator split into different sub-
bands with resolution between 20 kHz and 80 kHz, depending on the presence of (hyper-)
fine structure in the transition under investigation. During the first run, the data were ob-
tained applying both the beam wobbling mode with a beamthrow of 240′′ and the frequency
switching mode with a frequency shift of 5 MHz. It turned out that at the position 240′′
away from the center the emission from the nearby remnant nebulosity is still strong enough
to contaminate the observations. Therefore, during the second set of observations, the same
frequency switching and a position switching with a larger 20′ offset position were used. The
typical spectral resolution was about 0.2 km s−1. The total integration time varied between
5 min for CO and ∼ 45 min for HCN, depending on the signal strength. The pointing of
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the instrument was checked about every 1.5 hour, which resulted in a typical error of . 5′′.
In the case of several measurements of a particular molecular transition with the on-off and
frequency switching techniques, we relied always on that which had the highest signal-to-
noise ratio. The chopper-wheel method was applied to calibrate the spectra in units of the
antenna temperature T ∗A. To reduce all spectroscopic data, the standard GILDAS software
package was used.
We summarize all single-dish detections in Table 1. In total, nine different molecular
species were detected: CO, C18O, CS, HCO+, DCO+, H2CO, HCN, HNC, and SiO. The ob-
served intensities (mJy) were converted to the antenna temperatures (Kelvin) and afterwards
to the main beam temperatures: Tmb = T
∗
A/ηmb. The beam efficiency values, ηmb, were taken
from the IRAM Newsletter, N. 18, 1994 (see also Table 1, Col. 10). In addition, the follow-
ing spectral lines were only marginally detected (with . 2 sigma): CN(J=3/2-1/2, F=5/2-
3/2), H2CO(JKp,Ko=21,2-11,1), and H2CO(JKp,Ko=30,3-20,2). Other observationally interesting
lines, like HC3N(J=10-9), N2H
+(J=1-0), C2H(J=3/2-1/2), CH3OH(JKp,Ko=21,1-11,0), and
CH3CN(J=5-4, K=0) were not detected at all.
Spectra of firmly detected lines are shown in Fig. 1. As can be clearly seen, they basically
exhibit three different types of line profiles. The CO(2-1), C18O(2-1), HCO+(1-0), and CS(2-
1) lines are single-peaked, centered at the system velocity (Vlsr = 5.85 ± 0.1 km s−1), and
narrow, < 1 km s−1 (except for CO(2-1) which is broader than 2 km s−1). In contrast, the
HCN(1-0, F=2-1) and HNC(1-0) line profiles are slightly broader and apparently have a
more complicated asymmetric structure. Furthermore, HCO+(2-1), HCO+(3-2), DCO+(2-
1), CS(5-4), and H2CO(31,2-21,1) spectra show a narrow single-peaked shape and a blueshift
up to ∆V ≈ −2 km s−1 from the system velocity, whereas SiO(2-1, v =0) has a ∼ 1 km s−1
redshift.
The reason for such a diversity in the observed line profiles is not completely understood.
We suppose that the blueshifted single lines could actually be broad double-peaked asym-
metric spectra, with their less intense redshifted wings being lost in the noise. As we show
below, all these lines but CO(2-1) are optically thin and their double-peaked appearance
would imply that they trace mainly the rotating AB Aur disk but not much of the quiescent
envelope material, whereas the asymmetry of the line profiles can be explained by the . 5′′
pointing errors of the IRAM 30-m antenna during the measurements. This idea is partly
confirmed by the fact that some of these spectra, like HCO+(3-2) and CS(5-4), require high
densities for the excitation and were measured with small beam sizes of about 10′′ (which is
comparable with the ∼ 6′′ disk).
On the other hand, the IRAM beam for the HCO+(1-0) and CS(2-1) lines is & 25′′, a
few times larger than the apparent disk size, and due to a significant beam dilution in this
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case, both emission lines come from the extended envelope around AB Aur. This suggestion
is further supported by the narrow ∼ 1 km s−1 width and central position of these emission
lines, typical of cool and quiet gas. This is certainly true also for the CO(2-1) and C18O(2-1)
lines, though the broad width of the former spectrum indicates that the CO(2-1) emission
is contaminated by moving gas along the line of sight to AB Aur.
We find strong evidence for a large reservoir of cold gas located within ∼ 8′ around
the central star that is indirectly probed by our DCO+(2-1) measurements (see Table 1,
footnote “c)”). The negative intensity of this line was detected only in the case of the on-
off observations, which can be easily explained. It is known that deuterium fractionation
proceeds most efficiently in cold environments, T . 70 K, (e.g., Bacmann et al. 2003) but not
in the inner (warm) parts of protoplanetary disks (see Aikawa & Herbst 1999). Consequently,
the DCO+(2-1) signal is stronger for the cold outer region of the envelope at a distance of
∼ 35 000 AU (240′′ offset) than for the warm inner . 2 500 AU part (17′′ IRAM beam).
Therefore, the measured intensity of this emission line became negative after the on-off
subtraction of the strong background signal. Note that the HCN(1-0, F=2-1) single-peaked
asymmetrical spectrum was observed with the same 240′′ beam wobbling technique and may
suffer from a similar contamination.
It is worth to mention that an extended ∼ 35 000 AU region of thermal emission from
cold dust grains around AB Aur has been observed by the IRAS satellite at 60µm (Wheelock
et al. 1991).
2.2. The Plateau de Bure interferometric data
We mapped the AB Aur system in the HCO+(1-0) line at 89.18 GHz with the PdBI.
These observations were obtained with five 15-m antennas using the compact configuration
CD (baselines of 20-80 meters) in March 2002. The phase reference center of our measure-
ments was the same as given in the previous section.
We applied one correlator unit with a total bandwidth of only 10 MHz in order to
achieve high frequency resolution of ≈ 0.12 km s−1. The HCO+(1-0) line was centered at
the system velocity Vlsr = 5.85 km s
−1. The underlying continuum was detected with broad
bands only and has a very low intensity.
The band pass and phase calibration were performed on the objects CRL 618, 0528+134,
and 0415+3790. Maps of 128 × 128 square pixels with 1′′ pixel size were produced by the
Fourier transformation of the calibrated visibilities using natural weighting. The synthesized
HPBW (Half Power Beam Width) size of the beam was 6.76′′ × 5.09′′ (= 970 AU× 730 AU
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at 144 pc) with a position angle of 94◦. For the data reduction and final phase calibration,
we applied the Grenoble Software Environment GAG.
We checked the observed HCO+(1-0) spectra by adding the corresponding single-dish
IRAM data as missed zero-spacing information to the interferometric visibilities. Different
weightings were used, but finally it turned out that the appearance of the interferometric
spectral map did not change much. Also, we estimated that only ∼ 20% of the flux is
recovered by utilizing the zero-spacing data. Therefore, in our modeling we use the HCO+(1-
0) PdBI data without zero-spacing correction.
As an example, in Fig. 2 we show the distribution of the HCO+(1-0) intensity-weighted
velocities within the AB Aur system, over plotted by the integrated line intensity (contour
lines). Though not well spatially resolved with our ∼ 6′′ beam, it appears as a nearly
spherically symmetric ∼ 10′′ (1450 AU) structure with a peculiar “two-lobe” (blueshifted
and redshifted) velocity pattern. This is a typical sign of a rotating disk-like configuration
that is seen close to face-on (compare with the upper right panel in Fig. 3 by Mannings
& Sargent 1997). The lack of spatial resolution does not allow to determine the radius of
this structure precisely, and only an upper limit can be put on this value, Rdisk . 800 AU.
The border between two velocity lobes (zero-velocity gradient, V = Vlsr) corresponds to the
projection of the disk rotational axis on the sky plane. This implies that the disk positional
angle is about 90◦.
Whether the disk size and orientation are indeed close to these first-order observational
estimates is verified by the extensive modeling in the following sections.
3. Model of the AB Aur system
In this section, we describe and discuss the physical and dynamical model of the AB
Aur system in detail. A schematic sketch of this object is presented in Fig. 3. Briefly, it
is assumed that the AB Aur system consists of a passive flaring rotating disk surrounded
by an extended infalling spherical envelope. This dense protoplanetary disk shades off a
torus region in the diffuse envelope from strong stellar UV flux, which allows many complex
molecules to form and survive there. In contrast, the composition of the two unshielded
envelope lobes is mainly atomic. Since the star directly heats these lobes, they have to be
hotter; in a pure hydrostatic equilibrium it would also imply that they are less dense than
the shadowed part of the envelope. Thus, an observationally significant amount of molecules
is only reached during the chemical evolution of the AB Aur disk and shielded part of the
envelope.
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3.1. Disk structure and parameters
The UV-to-mm surveys of Herbig Ae stars have unveiled that many of these stars are
surrounded by circumstellar gas and dust distributed in flattened (disk-like) configurations
(e.g., Natta et al. 2001). Indeed, the presence of a compact structure (0.5 AU . r .
500 AU) around AB Aur has been revealed from IR interferometric measurements (e.g.,
Marsh et al. 1995; Millan-Gabet et al. 1999, 2001; Eisner et al. 2003), at visual wavelengths
by the photometric and polarimetric observations of Grinin & Rostopchina (1996), and from
millimeter interferometric observations of Mannings & Sargent (1997). Moreover, the latter
authors have reported on the Keplerian rotation of the gas in this object. All these facts
indicate that a rotating protoplanetary disk encircles the AB Aur star. Given that the
measured mass accretion rate on the central star is low, M˙ ∼ 10−8M⊙ yr−1 (e.g., Grady et
al. 1996), the vertical structure of the AB Aur disk is globally sustained by reprocessing
stellar radiation (passive disk) but not due to viscous dissipation.
Some clues concerning the dust content of the AB Aur system can be gained from the
analysis of the SED. The emission bands of various dust materials have been detected in
the IR spectra of AB Aur with the Infrared Space Observatory (ISO), most notably those
of iron oxide, PAHs, amorphous silicates, and water ice (van den Ancker et al. 2000). The
strong silicate emission band at 9.7µm points to the presence of a large amount of warm
(∼ 100-200 K) and small (. 0.1-2µm) amorphous silicate grains in this object. Together
with the absence of crystalline silicate features in the spectra, it implies that the dust in AB
Aur is thermally unprocessed and may still resemble pristine interstellar grains even after a
few Myr of the evolution (for more details, see Bouwman et al. 2001; Meeus et al. 2001).
A large amount of warm dust and gas observed in the AB Aur system (e.g. Thi et
al. 2001) cannot be accounted for without invoking a flared geometry of the disk or/and
an additional disk heating by the surrounding envelope (importance of the latter effect is
discussed in Vinkovic´ et al. 2003). This idea is further supported by the results of the detailed
modeling of Eisner et al. (2003) and Brittain et al. (2003), who have found that a flared disk
model with a puffed-up inner rim provides a suitable fit to their NIR- and MIR-observational
data.
Unfortunately, the disk of AB Aur is detected with the PdBI array only in one line
and at modest resolution. Thus it is not possible to unravel the disk thermal and density
structure in both radial and vertical directions, using these observational data alone. On the
other hand, many other parameters of the AB Aur system have been revealed from previous
observations, which can be used to construct a disk chemical model.
In this paper, we adopt the passive flared disk model of Dullemond & Dominik (2004).
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This disk model is calculated using a 2D axisymmetric continuum radiative transfer code
and silicate dust opacity data (Draine & Lee 1984) under the assumption of hydrostatic
equilibrium in vertical direction. The a priori fixed disk parameters are as follows.
We assume that the dust grains are uniform spheres with radius of 0.3µm, though the
additional case of larger 1µm particles is also considered. In the model, we focus only on
a single-size grain distribution instead of a range of dust sizes because otherwise it would
significantly slow down the chemical computations and 2D disk modeling, thus making im-
possible efficient fitting of the model parameters. The disk surface density as a function of
radius obeys a power law, Σ(r) = Σ0(r/r0)
p, with the exponent p = −5/2 and the initial
value Σ0 to be constrained. Note that the adopted radial gradient p is somewhat steeper than
the usually assumed value between about −2 and −1 (see, Miroshnichenko et al. 1999; Natta
et al. 2001). Therefore, we consider two additional models with p = −3/2 (minimum-mass
solar nebula) and p = 0 (uniform disk).
The disk has its inner boundary at 0.7 AU (dust sublimation radius, T ∼ 1 500K) and
extends up to several hundreds AU in radial direction, where its vertical height ranges a
comparable spatial scale. The ratio of the disk outer radius to the vertical height at which
the star is still sufficiently obscured, AV & 1
m, is used to estimate what fraction of the entire
AB Aur envelope is shadowed (see Fig. 3, dark gray region).
We adopt the following parameters of the central star: Teff = 10 000 K, M∗ = 2.4M⊙,
R∗ = 2.5R⊙ (see Table 2). It is assumed that the disk is illuminated by the UV radiation
from the star and by the interstellar (IS) UV radiation. The intensity of the stellar UV
flux is calculated using the Kurucz (1993) ATLAS9 of stellar spectra. It is converted to
the standard G factor, G∗ ≈ 105G at the distance of 100 AU, where G = 1 corresponds to
the mean interstellar UV field of Draine (1978). To calculate the visual extinction by dust
grains toward the central star at a given disk location, we use the following expression (1D
plane-parallel case):
AV =
NH
N1(a)
mag, (1)
where NH is the total column density of hydrogen nuclei between the point and the star and
the column density to reach AV = 1mag is N1(a) = 8.36 · 1020 cm−2 and 9.75 · 1021 cm−2
for the grain radius a = 0.3µm and 1µm, respectively. The extinction of the interstellar UV
radiation (G = 1) is computed in the same way but in vertical direction only. We calculate the
penetration of cosmic rays (CR) into the disk by Eq. (3) from Semenov, Wiebe, & Henning
(2004, hereafter Paper I) assuming an initial value of the ionization rate ζCR = 1.3 ·10−17 s−1.
Finally, ionization due to the decay of short-living radionuclides, like 26Al, is considered with
a total rate ζRN = 6.1 · 10−18 s−1 (Umebayashi & Nakano 1981).
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Overall, a wide range of relevant physical parameters characterizes the disk model,
namely, temperatures between 35 K and 1 500 K, densities between 10−21 g cm−3 and
10−9 g cm−3, G factors & 103, AV between 0 and more than 100 mag, and ionization rates
between ∼ 10−19 s−1 and 10−17 s−1. The disk thermal and density structure is shown in
Fig. 4.
The parameters of the best-fit disk model are given in Table 3. In Section 5 we discuss
how they and their uncertainties are derived.
3.2. Envelope model
The body of observational data about the extended nebulosity surrounding AB Aur
allows constraining some of its basic parameters prior to the detailed modeling.
The visual extinction observed toward this star is low, AV ∼ 0.2-0.5 mag (van den
Ancker et al. 1997, 2000; Roberge et al. 2001; Fuente et al. 2002), and can be attributed to
light scattering and absorption by dust grains in the nearby envelope and interstellar matter
(ISM). Thus, the AB Aur envelope is diffuse and its average density has to be low.
The apparent size and morphology of the envelope depends on the spectral region at
which observations are performed. For instance, an extended 8′ (≈ 35 000 AU) cloud of cold
dust has been observed with the IRAS satellite at 60µm, which is confirmed by our IRAM
single-dish observations. At visual wavelengths, the spherically-symmetric envelope has been
traced from r ≈ 1 300 AU to ∼ 365 AU with the HST coronographic imaging by Grady et
al. (1999), who have also found that it is highly inhomogeneous from hundreds AU down
to tens of AU (spiral arches). They have mentioned that this symmetric (inner) envelope
is further surrounded by a large band of the reflection nebulosity that has been detected
with ground-based telescopes. An envelope of almost the same structure has been observed
by Nakajima & Golimowski (1995) using the John Hopkins University Coronograph. They
have put a lower limit on the mass of the reflection nebulosity using its visual brightness,
Mrefl ∼ 2 · 10−7M⊙ (this seems to be a strong underestimation). Di Francesco et al. (1998)
have not resolved the AB Aur envelope with the Kuiper Airborne Observatory at 50µm and
100µm and gave an upper limit to its size, r . 5 000 AU.
At millimeter wavelengths, the global distribution of the circumstellar matter around
AB Aur has been probed in several low rotational lines of CO isotopomers with the IRAM
30-m antenna by Fuente et al. (2002). Fuente et al. have estimated the envelope mass
within 0.08 pc (∼ 15 000 AU) to be ∼ 1M⊙. They have classified AB Aur as a Class II
object according to their notation (a star embedded in the remnant natal cloud), which
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implies a power-law radial density profile with an −2 < p < −1 exponent. With these two
limiting cases of the density profile, the derived mass M0.08pc = 1M⊙, and assuming that the
envelope extends down to the dust sublimation radius r0 = 0.7 AU, we find that the typical
density at r0 is between 10
8 and 1012 cm−3.
Moreover, Miroshnichenko et al. (1999) have fitted the SED of AB Aur using a model of
a flat disk immersed in a spherically-symmetric diffuse envelope. Their best-fit parameters
for the AB Aur envelope are the following: the mass is about 0.03M⊙, the radial density
distribution follows a broken power law, p = −2 for 1.2 AU < r < 120 and p = 0 for
120 AU < r < 5800 AU with initial density of ∼ 108 cm−3, and the temperature scales with
radius as T (r) = 1 500 K · (r/1.2 AU)−0.4.
Recently, Elia et al. (2004) have fitted the AB Aur SED from UV to the radio domain
with a similar model of a pure spherical envelope and assuming large porous grains (dust
emissivity ∝ λ−0.6). They have adopted radial power-law temperature (q = −0.4) and
density (p = −1.4) distributions with T0 = 1 500 K and n0 = 3 · 109 cm−3 at r0 ≈ 1 AU.
Using these observational facts and theoretical constraints, we construct a model of the
AB Aur envelope. Since we probed the molecular content of the AB Aur envelope in several
lines with the IRAM 30-m antenna, it allows to derive the temperature and density structure
of the envelope directly from these data. Thus, extensive modeling of its physical structure
with an advanced radiative (hydro-) code can be omitted.
We focus on the inner part of the entire AB Aur envelope and assume that it is spher-
ically symmetric, homogeneous, and has a radius of Rout = 2 200 AU (restricted by the
largest 29′′ IRAM beam size used in our single-dish observations). Given a low inclination
of the disk inferred from the interferometric data, the shielded part of the envelope is also
seen close to face-on. In this case, it makes no sense to consider the outer regions of the
envelope beyond 2 200 AU since they are molecularly deficient along the line of sight (apart
from H2 and CO), while in the opposite direction the emitting material is out of the used
IRAM beams. We assume that the inner radius of the AB Aur envelope coincides with the
disk outer edge, Renvin = R
disk
out & 200–600 AU.
The envelope radial density profile is modeled with a power law, ρ(r) = ρ0 · (r/r0)−p,
where ρ0 and p are parameters to be constrained. We assume that the shadowed part of
the AB Aur envelope is isothermal, than its mean kinetic temperature Tkin can be directly
estimated from the Tmb intensity of the optically thick CO(2-1) line: Tkin ∼ Tmb ≈ 20-
40 K (see Table 1). Our initial guess for the inner envelope temperature is similar to the
range T = 20-50 K derived by Thi et al. (2001) from the analysis of excitation conditions
for several CO low- and high-rotational lines. We assume that gas and dust species are in
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thermal equilibrium, which is a justified assumption for the inner (dense, cold, and shadowed)
part of the envelope.
The gas-grain and grain-grain collisional timescales in the AB Aur envelope are larger
than those in the dense disk. This essentially rules out the possibility that a profound grain
growth up to cm-sized bodies occurred there during the contraction phase, which is further
supported by the fact that the bulk of dust grains in the AB Aur system are smaller than
a few microns. Therefore, we assume that dust particles in the envelope are small uniform
spheres with radius of 0.1µm.
The approach of the previous subsection is adopted to compute the UV flux in the
shadowed part of the envelope, but with some minor modifications. As this region is shielded
from the direct stellar radiation, it is only necessary to take into account the penetration of
the IS UV photons. Given the low radial density of the envelope (Σenv ≪ 100 g cm−2), the
constant CR-ionization rate is taken, ζCR = 1.3 · 10−17 s−1, whereas ionization due to the
decay of the radionuclides is negligibly low, ζRN = 0.
The best-fit parameters of the AB Aur envelope model are compiled in Table 4 and
discussed in Section 5.
3.3. Chemical model
The chemical model adopted in this study is the same as in Paper I, but with a few
modifications. Briefly, we use the UMIST95 database of gas-phase reactions (Millar et al.
1997) supplied by a set of dust surface reactions from Hasegawa, Herbst, & Leung (1992)
and Hasegawa & Herbst (1993). In the rates of reactions with cosmic ray particles and CR-
induced UV photons the CR-ionization rate, ζCR, is replaced either by the sum of ζCR+ ζRN
(disk) or left unchanged (envelope). Contrary to Paper I and in accordance with the studies
by Willacy & Langer (2000), Aikawa et al. (2002), and van Zadelhoff et al. (2003), we assume
that the probability of species to stick onto dust grain surfaces is 100%. Finally, we enlarge
the chemical network with a set of deuteration reactions (Bergin, personal communication)
and take into account self- and mutual-shielding of H2 and CO molecules. Our chemical net-
work does not include reactions involving C18O, therefore we scale down the CO abundances
calculated without self-shielding by the isotopic ratio O/18O=490 (Wilson & Rood 1994).
Overall, this network consists of 560 species made of 13 elements, and 5336 reactions.
Though Ilgner et al. (2004) have found that the vertical mixing and radial transport may
significantly affect the disk chemical evolution under certain conditions, we do not consider
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these processes in our model because of three main reasons. First, the estimated mass
accretion rate on AB Aur is low, therefore the radial transport of matter toward the central
star is slow. Second, there is observational evidence that turbulence in protoplanetary disks is
low, Vturb . 0.1-0.2 km s
−1 (see, e.g. Dartois, Dutrey, & Guilloteau 2003), and consequently
diffusion processes can be not that important. Last (but not least) reason why mixing
processes are not considered is that the chemical model has to be remain the numerically
manageable.
3.3.1. Deuterium chemistry
We adopt deuterium chemical reactions from Bergin, Neufeld, & Melnick (1999). This
set includes essential formation and destruction routes relevant to the chemical evolution of
OD and HDO. It consists of about 60 gas-phase and 10 gas-grain reactions among 11 species
including accretion onto and desorption from dust surfaces of D, OD, and HDO species. The
elemental abundance of deuterium, D/H=1.52 · 10−5, is taken from Piskunov et al. (1997).
3.3.2. Self- and mutual-shielding of H2 and CO
The photodissociation of H2 occurs through discrete absorption in Werner and Lyman
bands in the wavelength range between 912 A˚ and 1 110 A˚ with an efficiency of ∼ 10% (e.g.,
Dalgarno & Stephens 1970). Given the fact that these lines become optically thick when the
hydrogen column density reaches ∼ 1014 cm−2, it is unavoidable to take into account the
effect of the H2 line self-shielding both for the disk and envelope chemistry. To calculate the
H2 shielding, we use an analytical expression (37) from Draine & Bertoldi (1996),
Fsh(H2) =
0.965
(1 + x/b5)2
+
0.035
(1 + x)0.5
exp
[−8.5 · 10−4 (1 + x)0.5] , (2)
where x = N(H2)/5 · 1014 cm−2 and b5 = 3
√
T/100 K cm s−1. The unattenuated disso-
ciation rate of hydrogen molecules for the interstellar UV radiation (G = 1) is taken as
3.4 · 10−11 cm3 s−1.
The photodissociation of CO molecules is dominated by discrete absorption at λ .
1120 A˚, though it also proceeds via continuum absorption (van Dishoeck 1988). Since hy-
drogen molecules dissociate in the same wavelength range, one has to account for mutual-
shielding by coincidental lines of H2 and dust extinction when calculating the CO self-
shielding. This is a complex task and there is no a convenient analytical representation
similar to Eq. (2). Therefore, we follow the approach of van Zadelhoff et al. (2003) and
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compute the CO self-shielding by interpolating the values from Table 11 of Lee et al. (1996),
where a set of the shielding factors is given as a function of the H2 and CO column densi-
ties and visual extinction by dust grains. As initial guess for the CO column densities in
the medium under consideration, we use those of H2 and scale them by a constant factor,
CO/H2 = 6 · 10−5. The adopted unattenuated photodissociation rate of CO molecules is
2.0 · 10−10 cm3 s−1.
3.3.3. Results of chemical calculations
The initial abundances for the chemical model are calculated as in Paper I. Concisely,
we simulate the chemical evolution of a molecular cloud with uniform temperature T = 10 K
and density nH = 2 · 104 cm−3 for 1 Myr with the reaction network described above and the
“low metal” abundances from Wiebe, Semenov, & Henning (2003).
Using these pre-computed quantities and the model of the AB Aur system, a set of time-
dependent molecular abundances and vertical column densities are computed for 3 Myr of
the evolution in every iterative step of the modeling. Below we discuss the results obtained
with the final (best-fit) set of model parameters (Tables 2–4).
The calculated HCO+ and CO vertical column densities as a function of radius are shown
in Fig. 5. As can be clearly seen, NCO(r) in general follows the radial decline of the surface
density and thus is less steep for the AB Aur envelope than for the disk. The fact that CO
column densities are strongly related to the total amount of hydrogen in both the disk and
envelope, N(CO)/N(H). 10−4, merely reflects chemical stability and efficient shielding of
CO molecules from dissociating UV radiation. In contrast, the HCO+ column densities as a
function of radius show a more complicated behavior because the chemical evolution of this
molecular ion is governed by a larger set of formation and destruction pathways (compare
solid and dashed lines in Fig 5). For instance, a rapid decrease of NHCO+ in the outer parts
of the disk and envelope is caused not only by the decline of the surface density, but also due
to enhanced recombination rate of HCO+ molecular ions with abundant electrons. These
regions are rather transparent for the impinging UV photons that dissociate molecules and
ionize chemical species (mostly carbon atoms), thereby increasing the electron concentration
in the gas-phase and decreasing the HCO+ abundances.
The difference between the chemical evolution of the disk and shielded part of the enve-
lope is the following. The disk has density, temperature, and UV-intensity gradients in both
vertical and radial directions, leading to a “layered” chemical structure. The abundances
of many gas-phase species peak at the disk intermediate layer where the UV flux is mild
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enough to drive a rich molecular chemistry (e.g., Aikawa et al. 2002; Semenov, Wiebe, &
Henning 2004). Contrary to the disk, the shadowed envelope region is cold, less dense, and
opaque to the stellar UV radiation (but not to the interstellar UV photons). Therefore, many
photoreactions and reactions with barrier cannot efficiently proceed there, which results in
a more simplified (“dark”) chemistry.
It is interesting that the chemical equilibrium for HCO+ and many other species is
achieved almost everywhere in the disk and envelope at t & 0.1-1.0 Myr (compare open
squares and solid line in the left and right panels in Fig. 5). However, we find that this is not
true for deuterated species whose abundances and column densities vary during the entire
3 Myr of the evolution, and thus may serve as a “chemical clock” (e.g., Aikawa & Herbst
1999). We also investigate how various physical and chemical factors influence the evolution
of HCO+ in the disk in detail.
First, we consider the standard model of the UMIST95 chemistry, 0.3µm grains, and
t = 3 Myr, but two limiting gas-to-dust mass ratios, 10 and 1000. As can be clearly seen, the
resulting column densities are nearly the same as in the case of the standard value mgd = 100
for r . 100 AU, NHCO+(r) ∼ 1013 cm−2 (compare crosses, open circles, and solid line in Fig 5,
left panel). At larger radii, these quantities for mgd = 1000 decrease faster with radius than
the column densities computed with the standard chemical model and the difference at
r = 400 AU reaches about 3 orders of magnitude. Contrary, in the case of mgd = 10 the
radial decline is shallower than in the standard case, and at r = 400 AU the calculated
column densities differ by a factor of 10. A similar tendency is seen for the model of larger
1µm dust particles. In the inner disk regions, 13 AU < r < 60 AU, the corresponding HCO+
column densities are . 10 times higher than that of the standard model mgd = 100, while
at larger radii they decrease with radius like in the case of mgd = 1000 (compare solid line
with open triangles in the left panel in Fig 5).
All these trends can be understood if one recalls the fact that the disk at r & 100 AU
has a so low surface density that the interstellar UV radiation can easily penetrate and thus
controls the chemistry. As we noted above, the HCO+ abundances strongly depend on the
total amount of electrons in the gas-phase. In turn, the overall electron concentration in the
outer disk regions is related to the value of dust extinction in vertical direction: the higher
the extinction is, the lower is the electron concentration (and the higher is the resulting
HCO+ column densities). For a fixed hydrogen column density and two models of uniform
grains, the ratio of the corresponding visual extinction values is
AV,1
AV,2
=
mgd,2
mgd,1
ad,2
ad,1
Qext(ad,1,V)
Qext(ad,2,V)
, (3)
where mgd is the gas-to-dust mass ratio and Qext(ad,V) is the extinction efficiency factor for
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a particle with the radius ad.
According to this equation, the disk with the gas-to-dust ratio of 1000 is 10 times more
transparent in vertical direction than in the case of the standard model with mgd = 100,
while the disk with 10 times more dust grains (mgd = 10) is 10 times more opaque. Similarly,
in the case of larger 1µm grains, the total visual extinction is ≈ 6 times smaller than that of
the standard 0.3µm grain model due to ≈ 6 times higher extinction efficiency and about 27
times reduced amount of dust particles in unit volume. Moreover, the ∼ 3 times larger radius
of 1µm dust grains in respect to the 0.3µm particles also implies that Coulomb attraction
of positively charged ions and negatively charged dust particles is smaller, leading to less
effective grain neutralization of HCO+ ions. In turn, this results in the bump of the HCO+
column density curve at 13 AU < r < 60 AU (compare solid line with open triangles in
Fig 5).
Another important question that needs to be clarified is how sensitive the chemical
modeling to the adopted set of reactions is. There are two available chemical databases that
are widely used, namely, UMIST1 95 (University of Manchester, T. Millar’s group; Millar et
al. 1997) and OSU2 03 (Ohio State University, E. Herbst’s group; Smith, Herbst, & Chang
2004). These networks comprise hundreds of species and thousands of reactions with the
rates that are not always the same (Semenov et al. 2004).
To answer this question, we repeat the chemical calculations for the disk model with
1µm dust grains using the OSU03 network instead of the UMIST95 reaction set. The
corresponding HCO+ column densities are depicted in Fig. 5, left panel, dot-dashed curve.
As can be clearly seen, NHCO+ for the OSU03 and UMIST95 models are nearly the same
everywhere in the disk except for the very inner parts, r . 15 AU (compare dot-dashed line
and open triangles in the Figure). There, the column densities of HCO+ computed with the
OSU03 model decrease more rapidly with radius than in the case of the UMIST95 network.
In a forthcoming paper (Semenov et al., in preparation), we will compare the results of the
disk chemical modeling with the UMIST95 and OSU03 networks and investigate in detail
what the reasons for the difference in resulting molecular abundances are.
Moreover, recently Vasyunin et al. (2004) have shown that computed abundances of
HCO+ ions in dark and diffuse molecular clouds can be uncertain by a factor of ∼ 1.8-3
due to uncertainties in the reaction rate coefficients of the UMIST95 database (see Fig. 1
therein). Given a broad range of physical conditions encountered in the applied disk model,
1http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J/A+AS/121/139
2http://www.physics.ohio-state.edu/∼eric/research files/cddata.july03
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most probably the calculated HCO+ column densities suffer from the same uncertainty of a
factor of ∼ 2.
The total computational time for the disk model with 7 radial and 11 vertical grid points
is ∼ 10 hours on a Pentium IV 2.4 GHz PC, while it takes about several hours to compute
the chemical evolution of the envelope model with 28 grid points.
4. 2D line radiative transfer calculations
In this section, we describe our approach to simulate the radiative transfer in molecular
lines and to synthesize their spectra. In essence, the radiative transfer modeling is based
on the solution to the radiative transfer (RT) equation coupled with balance equations for
molecular level populations ( see, e.g., Rybicki & Hummer 1991). Prior to the modeling,
one needs to provide density, temperature, and velocity distributions as well as molecular
abundances in the medium.
We solve the system of the radiative transfer and balance equations with the 2D non-
LTE code “URAN(IA)” developed by Pavlyuchenkov & Shustov (2004). It partly uses the
scheme originally proposed and implemented in the publically available 1D code “RATRAN”
(Hogerheijde & van der Tak 2000). The iterative algorithm of “URAN(IA)” is the following.
First, initial molecular level populations and a set of photon random paths through the
model grid have to be defined. Using these quantities, the specific intensities Iν(i, j) are
computed for each cell i by the explicit integration of the RT-equation along the pre-defined
photon paths ~n(j). For the photon ray-tracing, the code employs a Monte Carlo description.
After that, ~n(j) and Iν(i, j) are used to calculate the mean line intensity Jν(i) in every
cell. The computed mean intensities are utilized in the next iteration step to refine the level
populations by solving balance equations in all model cells. To accelerate convergence of
the entire procedure for optically thick lines, additional internal subiterations for each grid
cell (ALI scheme) are included on top of the global iterations. The adopted acceleration
scheme relies on the fact that the calculated mean line intensity in every particular cell can
be divided into internal component generated in the cell and external contributions from
other cells of the grid. Therefore, subiterations are applied to bring into an agreement the
internal mean intensity of the line and corresponding level populations (for more detail, see
Hogerheijde & van der Tak 2000).
The global iterations are performed until the final molecular level populations are ob-
tained. After that, we repeat the calculations again, but with another set of pre-defined
random photon paths in order to estimate a typical error of the computed values. In our sim-
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ulations, the relative errors in the level populations are always smaller than 5%. Finally, the
resulting level populations are used to calculate the corresponding excitation temperatures,
which are further transformed into synthetic beam-convolved single-dish and interferometric
spectra.
There are a few limitations in our code. Since “URAN(IA)” does not contain a realiza-
tion of the radiative transfer in the lines with fine structures yet, formally we are only allowed
to consider rotational transitions of CO, CS, HCO+ and their isotopomers among the full
set of the detected species. The utilized collisional rate data for CO, CS, and HCO+ are
taken from Flower (1985), Green & Chapman (1978), Monteiro (1985), and Green (1975),
respectively. Also, we do not take into account the continuum absorption and emission by
dust grains, which is a reliable approximation for optically thin and moderately optically
thick lines (e.g., Leung & Liszt 1976).
4.1. Calculated excitation temperatures
For the line radiative transfer modeling of the AB Aur system we use the set of input
parameters compiled in Table 5. Standard Keplerian rotation is adopted to represent the
regular velocity field of the disk. The quality of the acquired interferometric data does
not permit us to verify from the radial velocity shifts of the observed lines whether the
disk rotation is indeed Keplerian (Vdisk(r) ∝ r−0.5) or follows another power law (see, e.g.,
Simon, Dutrey, & Guilloteau 2000). However, the AB Aur disk has a much smaller mass
in comparison with the stellar mass (e.g., Mannings & Sargent 1997), therefore such an
assumption should be valid.
Little is known about the dynamical state of the AB Aur envelope. Therefore, we
consider a steady accretion of the envelope material on the disk (and consequently on the
central star), with the regular velocity that can be found from the conservation-of-mass
principle and adopted power-law exponent p of the radial density distribution: Venv(r) ∝
r−2−p. For example, for p = −1 the infall velocity decreases as Venv(r) ∝ r−1. In agreement
with recent observations by Thi et al. (2001) and Dartois, Dutrey, & Guilloteau (2003), the
uniform microturbulent velocity Vturb = 0.2 km s
−1 is assumed for both the disk and envelope
model.
The computed disk excitation temperatures of the CO(2-1), CS(2-1), HCO+(1-0), and
HCO+(3-2) transitions are shown in Fig. 6. As can be clearly seen, the excitation temperature
Tex for the CO(2-1) line follows the kinetic temperature everywhere in the disk but the surface
layer (compare the left panel in Fig. 4 with the top left panel in Fig. 6)
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excited (critical density ncr ∼ 103 cm−3) and thus thermalized in most of the disk and
envelope regions, nH & 10
5 cm−3. Given this fact and the high abundance of CO molecules,
CO/H2 . 10
−4, the CO(2-1) line is optically thick with τ ∼ 10-1000 in the disk and τ . 10
in the envelope.
In contrast, the CS(2-1) transition requires about 200 times higher density for thermal-
ization, therefore its excitation temperature peaks closer to the dense disk interior (see the
top right panel in Fig. 6). The optical thickness of the CS(2-1) line is low, τ ∼ 10−3, mainly
due to much lower gas-phase CS abundances compared with the amount of CO molecules,
N(CS)/N(CO) . 10−4.
The disk excitation temperatures of the HCO+(1-0) and HCO+ (3-2) transitions are
shown in bottom of Fig. 6 (left and right panels, respectively). The 3-2 rotational line is
excited at about 10 times higher density than the critical density for HCO+(1-0), ncr ∼
105 cm−3, leading to the lower excitation temperatures in the former case. Since HCO+ ions
are only ∼ 10 times more abundant than CS molecules, the HCO+(1-0) and HCO+(3-2) lines
have a low optical depth of about 10−3. The disk excitation map for the C18O(2-1) emission
is similar to that of CO(2-1) and therefore is not shown.
Note that the CS(2-1) and HCO+(1-0) excitation temperatures show a broad zone in
the disk intermediate layer, where Tex < 0 (light gray areas in the bottom left and top right
panels, Fig. 6). Here a non-LTE effect plays a role. The inversion in the rotational level
populations is caused by a specific ratio between collisional and radiative (de-) excitation
probabilities. In those disk parts, where the concentration of CS and HCO+ is rather low,
their levels are excited and de-excited by collisions and only radiatively de-excited (but not
excited). Thus, the LTE condition is broken and level populations do not follow the Boltz-
mann distribution. This effect for the CS molecule has been considered by Liszt & Leung
(1977) in detail. However, such inversion does not lead to significant maser amplification
of the line intensity even for the most favorable case of the edge-on disk. As soon as the
optical depth of the line approaches unity (which is only possible in radial direction), stim-
ulated radiative transitions become operative. They additionally excite and de-excite the
level populations and destroy the inversion.
We do not present the resulting excitation temperatures for the envelope model because
the excitation conditions there do not change as strongly as in the case of the disk, and
resemble those of the low-density disk surface. Consequently, the CS(2-1) and HCO+(3-2)
emission lines are not thermalized anywhere in the envelope, 5 K . Tex . 10 K, whereas
HCO+(1-0) is partly thermalized in the inner part at r . 800 AU: 5 K . Tex . 25 K.
Finally, the CO(2-1) and C18O(2-1) lines are thermalized in the entire envelope with Tex ≈
Tkin ∼ 30 K.
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A typical computation for a 56× 55 grid model, 11 transitions, and the optically thick
CO(2-1) line needs about 2 days on a Pentium IV 2.4 GHz PC. In the extremely optically thin
approximation applied to simulate the radiative transfer in the CS(2-1), CS(5-4), C18O(2-1),
HCO+(1-0), and HCO+(3-2) lines, the photon ray tracing and ALI scheme are not used.
In this case, the level populations are computed within a few seconds. The validity of this
approach is verified by comparing once the level populations of the CS(2-1), C18O(2-1),
HCO+(1-0), and HCO+(3-2) transitions calculated with the full line radiative transfer and
in the limit of the extremely low optical depth. It is found that both methods yield very
similar results both for the disk and envelope model.
5. Results of the line radiative transfer modeling
In this section, we confront the theoretical model of the AB Aur system with the obser-
vational data and constrain basic parameters of the disk and envelope. It would be math-
ematically more correct to compare the interferometric data with the model results in the
uv-plane in order to avoid the highly nonlinear deconvolution procedure (see, e.g. Guilloteau
& Dutrey 1998), but this is only meaningful for low-noise data, when model parameters can
be determined with a high accuracy, e.g., by utilizing chi-square minimization. However, we
follow a more illustrative way and face the synthesized HCO+(1-0) interferometric map di-
rectly with the observed line profiles. Another limiting factor for our numerical simulations
is the computational time. Typically, it takes about 10-30 minutes to generate one syn-
thetic single-dish spectrum and ∼ 2 days to synthesize the entire interferometric map with a
2.4 GHz Pentium IV machine. Together with chemical and non-LTE line radiative transfer
calculations, a total computational time for one modeling run can be as long as about 3
days. Therefore, a full χ2-minimization in the space of all parameters to be constrained is
not feasible for our approach, and one has to estimate these values and their uncertainties
with a more robust analysis.
This analysis is based on the fact that many model parameters can be constrained
independently from the others in a subsequent way (“step-by-step”), starting from suitable
initial guesses. First, we use the first-order estimates for the AB Aur disk orientation and
determine more precisely the value of the disk inclination by fitting the width of the central
HCO+(1-0) spectrum in the interferometric map. Next, with this best-fit value we derive the
disk positional angle by fitting the asymmetry of the observed line profiles out of the map
center. After the best-fit disk orientation is found, we investigate how the radial gradient
of the normalized synthetic line intensities depends on the assumed disk radius and choose
accordingly the best-fit value of the disk size. Finally, the derived disk orientation and radius
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allow us to constrain the total disk mass because this value defines the absolute intensities of
the modeled HCO+(1-0) lines on the interferometric map. The uncertainties of the best-fit
disk parameters are found by the same iterative way.
Consequently, we constrain temperature, density structure, and mass of the inner,
shielded part of the AB Aur envelope using the best-fit disk orientation and radius. First,
we determine the temperature of the envelope and its uncertainty by modeling the intensity
of the optically thick CO(2-1) line (see Sect. 3.2). Second, with the best-fit envelope tem-
perature, we iteratively find the value of the radial density gradient, initial density at the
envelope inner radius, and their uncertainties by fitting the observed single-dish HCO+(1-0),
HCO+(3-2), C18O(2-1) and CS(2-1) spectra.
5.1. Interferometric HCO+(1-0) map
We present the results for our best-fit model of the AB Aur disk. Then we discuss how
parameters of this model are actually derived. This model is found after approximately 15
subsequent iterative steps of the modeling.
The simulated and observed interferometric HCO+(1-0) maps are compared in Fig. 7. As
can be clearly seen, intensities and widths of the synthetic spectra match well the observed
values, Tmb ∼ 0.1 K and ∆Vobs ≈ 2.3 km s−1. Moreover, the synthesized line profiles in
general follow the shape of the observed spectra on the entire interferometric map. This
proofs again that the Keplerian law is a reasonable representation of the disk global velocity
field.
The low intensities of the observed interferometric spectra, Tmb ∼ 0.1 K, suggest that
the HCO+(1-0) line is optically thin. Given a typical excitation temperature in the disk for
this transition, Tex ∼ 100 K (see Fig. 6, lower left panel), the optical depth of HCO+(1-0) can
be roughly estimated as τ ∼ Tmb/Tex ≈ 10−3, exactly the value we have found in Sect. 4.1.
The double-peaked shape of the synthetic line profiles and their asymmetry are the
result of the Gaussian convolution with the 5.87′′ beam over the inclined disk of a similar
size (see Table 3). Every HCO+(1-0) spectrum is a beam-weighted average of the emission
generated in various disk regions that have a broad velocity range (from negative to positive
values in respect to the system velocity). The central spectrum on the interferometric map
has a symmetric profile because disk locations with various velocities contribute equally to
the formation of this line. Similarly, all spectra located along the projection of the disk
rotational axis on the sky plane (zero-velocity line, V = Vlsr) are also symmetric (compare
the line profiles nearby straight line and in perpendicular direction in Fig. 7). All other
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spectra have asymmetric line profiles due to the beam weighting over the disk parts that
have a lack of either blueshifted or redshifted emission components. The contrast between
the left and right intensity peaks of the HCO+(1-0) lines depends on the orientation of the
beam in respect to the zero-velocity line and is maximal in orthogonal direction.
The convolution with a beam size comparable to the size of the adopted disk model
leads to the non-zero HCO+(1-0) intensities beyond the disk outer boundary (depicted by
circle in Fig. 7). It is worth to mention here that the convolution with a beam size that
is several times smaller than the disk size would produce a synthetic map of the narrow
single-peaked spectra with different velocity shifts in different disk parts, |∆V | ∝ r−0.5.
Note that there is a region in the interferometric map out of the disk (x ∼ −4′′, y ∼ 2′′),
where the observed HCO+(1-0) lines have a peculiar shape that is far from the modeled
one (upper right corner in Fig. 7). This shape has a ∼ −0.1 K absorption feature with
about 2 km s−1 offset from the system velocity Vlsr and a ∼ 0.2 K emission peak centered at
Vlsr, closely resembling an inverse P Cygni profile. It has been checked that the profiles of
these “emission-absorption” spectra are stable to the data reduction with various CLEANing
parameters and weightings. As we mentioned in Section 2.2, the detected HCO+(1-0) contin-
uum is low, which contradicts with the absolute intensity of the absorption peak. Thus, this
is a “ghost” feature in the spectra, though the strength, width, and position of the central
peak is consistent with the emission arising in low-velocity envelope regions. Moreover, the
peculiarity in the observed profiles is only seen in a part of the full interferometric map.
The presence of a small dense structure in the disk outer region or nearby envelope could
be responsible for the appearance of such emission-absorption spectra in the deconvolved
interferometric map. Why this structure has to be small and dense can be easily explained:
its small (. 2′′) angular extent is a necessary condition to produce the peculiar profiles in
a confined area of the whole 12′′ × 13′′ spectral map only, while a high density contrast is
needed for the interferometer to “see” the presence of such an inhomogeneity. Interestingly,
Fukagawa et al. (2004) have resolved the AB Aur system at the ∼ 100 AU scale using
the Subaru Coronographic Imager and Adaptive Optics at near-infrared wavelengths and
discovered a few spiral arms and a knotty structure associated with a circular inhomogeneous
structure of ∼ 580 AU radius (see Fig. 2 and 3 therein). Thus, it is likely that one of these
local and compact structures with enhanced density has been detected during our PdBI
observational campaign.
The fact that the interferometer probes only dense and compact matter is illustrated
in Fig. 8, where we compare the observed beam-normalized HCO+(1-0) IRAM 30-m and
averaged PdBI spectra. The IRAM line profile is narrow, ≈ 1 km s−1 and single-peaked, while
the PdBI spectrum is about 4 km s−1 wide and has a double-peaked shape. Furthermore,
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their normalized intensities differ by a factor of 2. The reason for such a diversity in the
observed spectra is that the IRAM 30-m antenna has 29′′ beam for the HCO+(1-0) transition,
covers large spatial scales, and therefore is not capable in detecting the emission from the
small AB Aur disk due to the huge beam dilution. Instead, the HCO+(1-0) emission from
the surrounding envelope is only observed. Contrary, the ≈ 5′′ PdBI beam is sensitive to
small spatial scales and thus does not “feel” the emission that comes from the low-density
and extended envelope (e.g., see the spectrum at the position x = 4′′, y = −4′′ in Fig. 7).
5.1.1. Disk orientation
First, the disk inclination angle ι is determined by comparing the observed HCO+(1-
0) line profile at the center of the interferometric map with the corresponding synthetic
spectrum. The modeled central line has a symmetric double-peaked profile independent of
the actual value of the disk positional angle (see Fig. 7, x = 0, y = 0). However, the line
width and intensity do depend on the assumed value of the inclination angle, as shown in
Fig. 9. It can be clearly seen that a 10◦ inclination of the disk results in a too narrow
(≈ 1 km s−1) modeled spectrum compared with the observed 2.2 km s−1 line width (Fig. 9,
left panel). On the other hand, the disk inclined by ι = 20◦ produces a slightly broader
spectrum than observed (Fig. 9, right panel). Thus, the disk inclination angle has the best-
fit value somewhere between these two limits, ι ≈ 15◦ (middle panel in the Figure). We take
17◦ as the best-fit inclination angle of the AB Aur disk. Note that a similar approach to
constrain the disk inclination was recently presented by Qi et al. (2004), who applied it for
the TW Hya disk based on the SMA observations in the CO(2-1) and CO(3-2) lines.
The accuracy of this value is mainly determined by the uncertainty in stellar mass and
by the radial gradient of the disk surface density, whereas other model parameters play a
minor role.
The width of the modeled central HCO+(1-0) line for a fixed value of the disk inclination
angle and density gradient varies as
√
M∗ (Keplerian law). We consider two values of the
stellar mass, M∗ = 2.0M⊙ and M∗ = 3.0M⊙, and find that for the low-mass limit of 2.0M⊙
the best-fit disk inclination is 19◦, while for the 3.0M⊙ star this value is about 14
◦.5. In
addition, we use two disk models with shallower surface density profiles, namely, p = −3/2
(minimum-mass solar nebula) and p = 0 (uniform disk). In this case, the HCO+ column
densities peak at larger radii than for the reference model with p = −5/2. However, we
regain that such a modification does not lead to a significant spread in the derived best-fit
inclination angle. For the uniform disk model the best-fit value is ι = 23◦, whereas for the
minimum-mass solar nebula it is 19◦. Taking into account all these uncertainty factors, we
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estimate that the AB Aur disk is inclined by 17+6−3
◦.
The value of the disk positional angle is constrained in a similar way. In Section 2.2
a first-order observational estimate, φ ∼ 90◦, has been obtained. In order to determine
it better, we use the best-fit inclination angle and consider three different values of the
positional angle: φ = 40◦, 80◦, and 120◦. The resulting modeled spectra are compared with
the observational data at off-central positions of the interferometric map in Fig. 10.
The most noteworthy changes in the synthetic HCO+(1-0) lines are seen in two spectra
at x = 2′′, y = −2′′ (S1) and x = 2′′, y = 1′′ (S2). The disk positional angle φ = 40◦ can
be essentially ruled out because the asymmetry of the observed S1 profile is not properly
fitted with this model (see the lower left corner of the left panel in Fig. 10). Contrary, with
φ = 120◦ it is not possible to explain the observed shape of the S2 spectrum, see the left
upper corner of the right panel in the Figure. Finally, the best fit to the asymmetry of
the observed line profiles is obtained with the disk positional angle of 80◦ (middle panel in
Fig. 10). However, this value cannot be constrained as accurately as the disk inclination
angle since the noisy observational data can be fitted equally well with any other positional
angle between 60◦ and 100◦. Therefore, the best-fit value of the disk positional angle is
φ = 80◦ ± 30◦ .
The derived orientation of the AB Aur disk, ι = 17+6−3
◦ and φ = 80±30◦, is in reasonable
agreement with the recent high-resolution NIR observations of Eisner et al. (2003), who have
successfully reproduced the interferometric visibilities with uniform disk (ι = 26+10−19
◦, φ =
128+30−45
◦), accretion disk (ι = 27+13−17
◦, φ = 105+34−20
◦), and ring (ι = 28+10−18
◦, φ = 144+17−51
◦) models.
It is also consistent with the disk inclination of 30 ± 5◦ and positional angle φ = 58 ± 5◦
determined by Fukagawa et al. (2004) using isophoto fitting of the Subaru coronographic
NIR image. Furthermore, the observational results of Millan-Gabet et al. (1999, 2001) and
Grady et al. (1999), as well as the measured low visual extinction toward this star (e.g.,
Roberge et al. 2001), favor to the face-on orientation of the AB Aur system (ι < 45◦).
However, a nearly edge-on 76◦ inclination angle has been derived by Mannings & Sargent
(1997) from the analysis of the mid-resolution ∼ 5′′ interferometric image of the AB Aur
system obtained with the OVRO array in the 13CO(1-0) line. In many later studies aimed
at the modeling of the AB Aur SED this value of the disk inclination has been adopted to
constrain the model parameters (see, e.g., Miroshnichenko et al. 1999; Dominik et al. 2003),
though Natta et al. (2001) have used a more correct value of 30◦.
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5.1.2. Disk radius and mass
With determined values of the AB Aur disk inclination and positional angles, we con-
tinue our step-by-step analysis and put constraints on the size and mass of this object.
There is no such controversy in the literature regarding the size of the AB Aur disk as
in the case of orientation. The resolved disk radius has been determined as ∼ 400-600 AU
(Mannings & Sargent 1997; Fukagawa et al. 2004). We use the value Rdiskout = 400 AU as
an initial guess for the modeling (see, however, Natta et al. 2001). A disk model of that
size successfully reproduces the radial gradient of the observed HCO+(1-0) intensities (see
Fig. 7). In addition, we consider a smaller disk with Rdiskout = 200 AU and find that this
model still provides a reasonable fit to the radial decline of the observed line intensities, but
the width of the synthesized spectra is slightly broader than observed ∆Vobs ≈ 2.3 km s−1.
To get the correct line widths, we adopt a smaller inclination angle of 15◦, which is close to
the lower limit of the best-fit disk angle, ι = 17◦ − 3◦ = 14◦. An even smaller 100 AU disk
model shows a too rapid decrease of the calculated intensities with radius and hence is not
in agreement with the data.
We cannot determine an upper limit of the disk size by the same way because the gas in
the outer disk regions is cold and diffuse. As shown in Sect. 4.1, the HCO+(1-0) transition is
hardly excited under these conditions; moreover, the HCO+ abundances are low (see Fig. 5).
As a result, the synthetic interferometric spectra almost do not change even if we take into
account far-distant disk parts. Thus, as the upper limit we use the largest value of the
resolved AB Aur disk, Rdiskout = 600 AU.
Summarizing our findings, we estimate the best-fit size of the AB Aur circumstellar disk
as Rdiskout = 400± 200 AU.
The best-fit disk model with Rdiskout = 400 AU and ι = 17
◦, which is shown in Fig. 7, has
a mass Mdisk = 1.3 · 10−2M⊙ (Table 3). To constrain the latter value, we rely on the fact
that the absolute intensities of the calculated HCO+(1-0) spectra are sensitive to the HCO+
abundances and thus column densities in the disk due to the low optical thickness of this
line:
Tmb ∝
∫
beam
< Tex(r) > NHCO+(r)r exp(−(
r
rbeam
)2)dr ∼
< Tex(rmax) > NHCO+(rmax)rmax exp(−(
rmax
rbeam
)2)∆rmax.
(4)
Here, < Tex(r) > and NHCO+(r) are the averaged excitation temperature and HCO
+ column
densities at a certain radius r, respectively, while the term r exp(−(r/rbeam)2) accounts
for convolution with the Gaussian beam of the radius rbeam. Using the column densities
computed in Sect. 3.3.3 and disk excitation temperatures of the HCO+(1-0) line calculated
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in Sect. 4.1, we find that expression (4) has a global maximum at rmax ≈ 120 AU (with
dispersion ∆rmax ∼ 60 AU) independent of the considered disk model. Thus, the HCO+ line
profiles are mainly determined by the local emission generated in the disk regions at rmax.
Indeed, the width of the observed spectra can be calculated by the following equation:
∆Vobs ≈ 2VKepl(120 AU) sin(ι) = 2 · 4.2 km s−1 · sin(17◦) = 2.47 km s−1, (5)
which is very close to the actual value of ≈ 2.3 km s−1.
We find that for 10 times more/less massive disks the modeled HCO+(1-0) interfero-
metric lines are 7/4.5 times more/less intense than in the case of the best-fit model with
Mdisk = 1.3 · 10−2M⊙ (reference model). At first glance, it seems that the value of the disk
mass can be accurately determined since the intensity of the resulting spectra sensitively
depends on this parameter. However, the observed HCO+(1-0) flux suffers from the calibra-
tion errors, which are & 10%. Furthermore, the distance toward AB Aur is derived with
∼ 15% uncertainty (see Table 2), and hence the flux is uncertain by additional 30%. Thus,
the intrinsic uncertainty of the observed line intensities is & 40%. Consequently, it results in
a factor of ∼ 3 uncertainty in the best-fit value of the disk mass. Nonetheless, the spread in
Mdisk is mostly defined by the uncertainties in those parameters of the model that strongly
affect the resulting abundances of HCO+ (see discussion in Sect. 3.3.3) and thus the intensity
of the synthesized spectra (expression 4).
Above all, the disk mass depends on the assumed gas-to-dust ratio because this pa-
rameter regulates the total amount of HCO+ in the disk at large radii, r & 100 AU (see
Fig. 5, left panel). It is found that for the ratio mgd = 1000 the simulated HCO
+(1-0)
interferometric lines have intensities Tmb ∼ 0.047 K, which is 2.1 times lower than observed.
Contrary, the model with low gas-to-dust ratio, mgd = 10, produces 4 times more intense
lines than the observed spectra with Tmb ∼ 0.1-0.2 K. Thus, such unrealistically high vari-
ation of the gas-to-dust ratio introduces a factor of 5 uncertainty in the best-fit disk mass
Mdisk = 1.3 · 10−2M⊙. Moreover, we realize that it also affects the disk inclination angle in
a sense that the disk model with mgd = 10 requires ι = 19
◦ to fit the widths of the observed
HCO+(1-0) line profiles, while for the case of mgd = 1000 it is 15
◦, which is still within the
proposed range of the disk inclination angles, ι ∈ [14◦, 23◦]. Similarly to the case of high
gas-to-dust ratio mgd = 1000, the disk model with large 1µm grains shows ≈ 2 times less
intense spectra than the intensity of the acquired HCO+(1-0) lines. To compensate for this
decrease of the modeled line intensity, the disk mass has to be increased by a factor of 5 in
respect to the reference value.
The next most important parameter determining the disk mass is the factor of ∼ 2
uncertainty of the computed HCO+ abundances. In this case, the intensities of the synthetic
lines vary by a factor of ∼ 2.4-3.5 compared with the observed values Tmb . 0.2 K. Therefore,
– 28 –
for the model with 2 times increased abundances of HCO+ the corresponding disk mass is
only 20% of the standard value Mdisk = 1.3 · 10−2M⊙, whereas for the case of the 2 times
lowered HCO+ abundances the disk mass is 1.8 times higher than for the reference model.
The parameters of the disk model that influence the evaluation of the disk mass to
a smaller extent are the size and density distribution. The uniform disk model with the
radial gradient of the surface density p = 0 and mass 1.3 ·10−2M⊙ results in 1.2 times higher
intensity of the modeled spectra in comparison with the observed line profiles. Consequently,
the relevant disk mass constitutes 70% of the mass of the standard model. In contrast, the
model with the reduced outer radius Rdiskout = 200 AU produces synthetic lines of 1.5 times
lower intensity than the observed value of . 0.2 K. In this case, the best-fit mass of the disk
is 50% higher than the reference value of 1.3 · 10−2M⊙.
All considered model configurations and corresponding estimates of the AB Aur disk
mass are summarized in Table 6.
Overall, we constrain the AB Aur disk mass to Mdisk ∼ 1.3 · 10−2M⊙ with a factor of 7
uncertainty. This best-fit value is in agreement with Mdisk = 2.1± 0.9 · 10−2M⊙ determined
by Thi et al. (2001) from the 1.3mm flux, assuming dust opacities κ1.3mm = 0.01 cm
2 g−1
and a gas-to-dust ratio of 100 (see also Mannings & Sargent 1997).
5.2. The single-dish data
5.2.1. Temperature of the envelope
As we have shown in Sect. 4.1, the observed single-dish CO(2-1) line is optically thick
and thermalized, Tex ∼ Tkin. Therefore, the intensity of the CO(2-1) synthetic spectrum
depends on the assumed value of the envelope temperature and does not depend much on
the adopted density structure. We use this fact and consider a grid of the envelope models
with various kinetic temperatures within the proposed initial range of T = 20-40 K. In
Fig. 11, we show the synthetic CO(2-1) line profiles calculated for three different envelope
temperatures, namely, Tkin = 15 K (left panel), Tkin = 25 K (middle panel), and Tkin = 37 K
(right panel). As can be clearly seen, the observed and modeled CO(2-1) line intensities are
nearly the same only in the latter case, whereas for temperatures T . 35 K the computed
line intensities are too low. Therefore, the value of 35 K is used in further modeling. The
∼ 40% uncertainty of the best-fit envelope temperature comes from the calibration error of
the observed CO(2-1) flux and the distance uncertainty. Finally, we constrain the best-fit
temperature of the inner AB Aur envelope to Tenv = 35± 14 K.
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In Fig. 12, we investigate what the relative contributions of the CO(2-1) emission gen-
erated by the disk and envelope on the resulting line profile are. The modeled disk emission
shows very low intensity Tmb ≈ 2 K compared with the observed value of 24 K, though
the width of the synthetic spectrum is consistent with the observed ≈ 2 km s−1 width (left
panel). In contrast, the CO(2-1) emission from the envelope has a nearly correct intensity
of 21 K, but a too narrow width of 1 km s−1 due to low infall velocities adopted in the
model, V (r) ∼ 0.1 km s−1 (see middle panel in the Figure). The combination of both these
models, the so-called “disk-in-envelope” model, results in the synthesized CO(2-1) profile
with the correct intensity but still too narrow width at signal levels Tmb ∼ 5-10 K (right
panel in Fig. 12). As discussed in Sect. 2.1, emission arising in moving gas clouds along the
line of sight to AB Aur may contaminate the observed CO(2-1) line profile. The chemical
stability of the CO molecules to dissociative UV radiation and low critical density to excite
the 2-1 rotational transition support this suggestion. Recently, Roberge et al. (2001) have
studied with HST and FUSE the properties of H2 and CO gases toward AB Aur. They have
estimated a CO column density of NCO = 7.1 ± 0.5 · 1013 cm−2, and found that the value
of the CO velocity is consistent with the velocity of the star. Thus, this gas is indeed most
likely associated with the nearby remnant envelope.
5.2.2. Density structure of the envelope
Using the best-fit envelope temperature Tenv = 35 K, we simulate the chemical evolution
and line radiative transfer for a grid of the envelope and disk-in-envelope models with various
initial densities ρ0 and density profiles within the range p ∈ [−2, 0]. Then, the mass of the
shadowed part of the AB Aur inner envelope can be calculated:
M shenv = 4π
θ
90◦
ρ0r
3
0
((r1/r0)
p+3 − 1)
p+ 3
, (6)
where θ = 25◦ is the shadowing angle of the envelope (see Table 4), and r0 and r1 are the
inner and outer envelope radii, respectively.
First, the intensity of the synthetic HCO+(1-0) line is used as a criterion to determine
whether the current guess of the initial envelope density ρ0 (and thus the envelope massM
sh
env)
is appropriate or not because the observed HCO+(1-0) emission almost entirely comes from
the AB Aur envelope (see discussion in Sect. 4.1). The low optical thickness of HCO+(1-0)
implies that the corresponding calculated intensity is related to the HCO+ abundances and
can be easily scaled up and down by adjusting the mass of the envelope model until the
observed intensity Tmb = 0.55 K is reached.
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Second, with the updated envelope model that fits the observed HCO+(1-0) line inten-
sity, we verify whether the radial density gradient of this model is appropriate or not by
comparing the observed and modeled HCO+(3-2) to HCO+(1-0) intensity ratios as well as
the line profiles of C18O(2-1), CS(2-1), and CS(5-4). The radial gradient of the infall velocity
is calculated from the value of the density gradient as −2−p, while the initial infall velocity
is determined from the observed line widths, Venv(r0) ∼ 0.2 km s−1.
Iterating these two steps of the modeling about 15 times, the final best-fit model of
the AB Aur inner envelope is obtained with the radial density profile p = −1 and thus
infall velocity law Venv(r) = 0.2 · (r/400AU)−1 km s−1, initial density ρ0 = 9.4 · 10−19 g cm−3
(n0 ≈ 3.9 · 105 cm−3), and mass M shenv = 4 · 10−3M⊙ (see Table 4).
The corresponding synthetic spectra are compared with the observed line profiles in
Fig. 13. As can be clearly seen, intensities and widths of the synthesized and observed
HCO+(1-0), C18O(2-1), and CS(2-1) lines are perfectly matched in the case of the envelope
(middle panels) and disk-in-envelope (right panels) models, whereas the contribution from
the disk in the resulting spectra is negligible (left panels). In contrast, the observed HCO+(3-
2) emission comes partly from the AB Aur disk and partly from the surrounding envelope,
therefore a reasonable fit to this line is only produced by the full disk-in-envelope model (see
second row of plots in the Figure). Particularly, the broad ∼ 2 km s−1 width of the observed
HCO+(3-2) spectrum is not possible to explain without accounting for the emission from
the AB Aur disk. Still, the synthetic HCO+(3-2) spectrum peaks at about 1 km s−1 higher
velocity than the observed emission from the AB Aur envelope, which cannot be explained
in the framework of the applied model.
The uncertainties of the derived parameters are estimated as follows. We adopt a factor
of 7 uncertainties for the best-fit value of the envelope mass and initial density at the inner
envelope edge based on the results of a similar investigation performed for the AB Aur disk
model (see extensive discussion in the previous section). The uncertainty of the determined
radial density profile p = −1.0 is found to be ±0.3. This is because an envelope model with
p = 0 show ∼ 2 and 3 times lower intensities of the synthetic C18O(2-1) and CS(2-1) lines
than the observed values of 1.1 K and 0.11 K, respectively. For a model with p = −1.5, the
intensity of the calculated HCO+(3-2) spectrum is about 1.5 times higher than the observed
value Tmb ≈ 0.9 K.
Note that in framework of the adopted model of the AB Aur system it is not possible to
fit the observed CS(5-4) line profile since the intensity of the synthesized CS(5-4) spectrum
is essentially zero. This line is excited at high densities, ncr & 10
6-107 cm−3, which are
reached only in inner dense disk regions at r . 150 AU (see Fig. 4, right panel). Therefore,
the intensity of the modeled CS(5-4) line becomes very low after the convolution with the
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9′′ (∼ 1000 AU) IRAM beam. Consequently, a necessary requirement for a model of the
AB Aur system to reproduce the observed CS(5-4) line intensity would be the presence of
high-density media (clumps?) at & 100-200 AU distance from the central star.
We find that the intensity, width, and profile of CS(5-4) can be reproduced very well
with a 5 times more massive model of the AB Aur envelope than the best-fit one. However, in
this case all other modeled single-dish lines are differ substantially from the observed spectra.
Therefore, we try to match all single-dish data simultaneously with a clumpy envelope model.
Surprisingly, it is possible only in one case: clumps that homogeneously fill 3% of the entire
10′′ IRAM CS(5-4) beam, and which are about 150 times denser than surrounding medium,
n ∼ 5 · 107 cm−3. The total mass of these clumps is approximately equal to the mass
of the best-fit envelope model, Mclumps ≈ 4 · 10−3M⊙, and consequently the mass of the
clumpy envelope model is twice that of the reference best-fit model. The applicability of this
clumpy envelope model cannot be proved with the adopted 2D approach and requires full
3D treatment, which is beyond the scope of the present paper.
The density distribution and mass of the best-fit model of the AB Aur envelope are
consistent with the values derived by Elia et al. (2004) from the modeling of the SED:
p = −1.4, ρ0 ≈ 1.6 · 10−18 g cm−3 at r = 400 AU, and Menv within r ∈ [400 AU, 2 200 AU] of
about 2 · 10−2M⊙. There is almost no difference between initial densities for both models,
the radial density profiles are also similar, but the envelope masses differ by a factor of 5.
This is because we focus on the shadowed part of the inner envelope part that contains only
25◦/90◦ ≈ 28% of the volume of the full sphere. If one takes into account 28% of the total
envelope mass determined by Elia et al., the resulting value is 5.5 · 10−3M⊙, which is close
to the 4 · 10−3M⊙ mass of our best-fit model.
Similarly, Fuente et al. (2002) have estimated the mass of the AB Aur envelope within
0.08 pc as 1M⊙ and obtained a density profile of −2 < p < −1. These values can be
translated to the initial density at r = 400 AU and mass of the shielded inner part of
the envelope: ρ0 ≈ 1.3 · 10−18 g cm−3 and M shenv ≈ 6.8 · 10−3M⊙ for p = −1 and ρ0 ≈
3.7 · 10−17 g cm−3 and M shenv ≈ 5.4 · 10−2M⊙ for p = −2, respectively. The mass and initial
density of our best-fit envelope model (ρ0 = 9.4 · 10−19 g cm−3 and M shenv = 4 · 10−3M⊙) are
close to the values of Fuente et al. for the case of p = −1, while the steeper density gradient
p = −2 requires about a 10 times more massive envelope model to match the AB Aur SED.
Finally, Miroshnichenko et al. (1999) have found by the modeling of the AB Aur SED
with a disk-in-envelope model the total mass of the envelope to be Menv ∼ 0.03M⊙. Again,
it can be translated to the value of ∼ 5 · 10−4M⊙ for the inner shadowed part, which is ∼ 10
times lower than in our case. Such a low value of the envelope mass is due to the uniform
density distribution (p = 0) at r & 120 AU they have used in the calculations.
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Since we focus on the shadowed and inner region of the AB Aur envelope, it is difficult
to calculate accurately the total mass of the envelope with our model. The mass of two
unshielded lobes can be roughly estimated from the value of the observed extinction toward
AB Aur, AV . 0.5 mag. For our best-fit model of the shadowed part, the visual extinction
is maximal in radial direction, AshV = 2.5 mag, which is about 5 times higher than for the
unshielded region. If one assumes that this difference stems entirely from the density contrast
between the shadowed and unshielded envelope parts and their radial density profiles and
dust grain properties are the same, than the total envelope mass between 400 AU and
2 200 AU is
Menv ∼ (1 + AV
AshV
90◦ − θ
θ
)M shenv, (7)
where θ = 25◦ is the shadowing angle, AV . 0.5 mag, A
sh
V = 2.5 mag, andM
sh
env = 4 ·10−3M⊙.
According to this Equation, the total mass of the AB Aur inner envelope for the model
discussed here is Menv ∼ 6 · 10−3M⊙. Moreover, assuming that the best-fit density profile of
the inner envelope model is also appropriate at larger distances until the cloud outer border
at 35 000 AU, we calculate the mass of the entire AB Aur envelope, Menv ≈ 1M⊙, which is
exactly the value measured by Fuente et al. (2002).
The parameters of the density structure and mass of the envelope models considered
above are summarized in Table 7.
5.3. Evolutionary status of the AB Aur system
In this Section, we discuss the evolutionary nature of the AB Aur system, using the
results of our modeling.
With the reconstructed best-fit velocity profile of the AB Aur envelope (see Table 4),
one can estimate independently the mass accretion rate in this system:
M˙acc = 3.16 · 107 ρ0 Venv(r0) 4π θ
90◦
r20, (8)
where ρ0 = 9.4 · 10−19 g cm−3 is the initial density at the disk outer edge r0 = 400 AU and
θ = 25◦ is the shadowing angle. According to this expression, the mass accretion rate from
the AB Aur envelope onto the disk is M˙acc ≈ 4 · 10−8M⊙ yr−1. This value is very close to
the measured mass accretion to the central star, M˙acc ∼ 10−8M⊙ yr−1 (see, e.g., Grady et
al. 1996).
If one assumes that the mass accretion rate is due to the viscous evolution of the disk
only, then dispersal timescale for the∼ 10−2M⊙ AB Aur disk is τdisk ∼Mdisk/M˙acc ∼ 0.3 Myr,
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which is too short in comparison with the ∼ 4 Myr age of AB Aur. Thus, accretion from
the envelope should play a major role in the evolution of the AB Aur system as a whole.
The lifetime of the entire ∼ 35 000 AU envelope can be roughly estimated from the same
principles, τenv ∼Menv/M˙acc ≈ 1M⊙/4 · 10−8M⊙ yr−1, which gives evolutionary timescale of
about 25 Myr. Therefore, we conclude that the AB Aur system will remain a Class II object
for the next few million years.
The estimated timescale for dispersal of the AB Aur envelope is in sharp contrast to
the free-fall time from the envelope outer edge at 35 000 AU on the central star, τff =√
3π/32Gρ ≈ 0.3 Myr. Thus, contraction of the envelope is not free-fall and regulated by
additional force(s) acting against gravitation, like thermal pressure, rotation, turbulence, or
magnetic field.
The suggestion that the AB Aur envelope fully rotates can be essentially ruled out given
the fact that the widths of the observed single-dish lines are narrow, . 1 km s−1. Indeed,
it is found that the model with only 20% of the Keplerian rotation representing the regular
velocity field in the envelope produces wider synthetic single-dish lines than observed. On
the other hand, conservation and redistribution of initial angular momentum of the natal
cloud out of which the AB Aur system has been formed should end up in a rotating flattened
configuration (see, e.g., Larson 2003, and references therein). Thus, it explains why the AB
Aur envelope is flattened and suggests that the envelope slowly rotates, Vrot . 0.1 km s
−1,
in addition to the infall.
Furthermore, by fitting the line widths with various microturbulent velocities, we find
that turbulence in the envelope should be low, Vturb . 0.2 km s
−1, which is smaller than the
sound speed, cs ≈ 0.4 km s−1. Therefore, these subsonic turbulent motions cannot retard the
cloud collapse. Also, the AB Aur envelope cannot be supported against the gravitational
contraction by thermal pressure either since it is not spherically symmetric, and rather cold,
T . 35 K. Finally, magnetic pressure can slow down the collapse, but only if the envelope
matter is well coupled to the magnetic field. The computed ionization fraction for the best-fit
AB Aur envelope is about 10−8-10−6 and thus the latter requirement is fulfilled.
Therefore, we conclude that slow rotation and magnetic pressure play a major role in
the dynamical evolution of the AB Aur envelope by regulating the speed of the collapse.
In turn, it defines the accretion rate onto the disk and thus its mass and consequently the
lifetime of the entire AB Aur system, t . 25 Myr. Also, these two dynamical factors are
responsible for the flattened appearance of the envelope. Note that the presence of such
asymmetric structures around protoplanetary disks has been predicted by modern theories
of star formation (e.g., Larson 2003) and inferred from observations (e.g., Hogerheijde 2003).
In a more general sense, our findings support the idea of Armitage et al. (2003), who have
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argued that the observed disk lifetimes between 1 and 10 Myr are mostly determined by the
initial mass available for the accretion, but not by the mass of the central star(s).
The instantaneous infall of the envelope matter onto the rotationally supported disk
should produce an accretion shock interface, and likely local density enhancement(s) at the
disk outer edge (Velusamy et al. 2002). Then it is natural to ask whether these disk regions
remain stable or not. The gravitational instability in rotating disklike configurations is
suppressed when the so-called Toomre parameter exceeds about unity (see discussion in
Larson 2003):
Q(r) =
csΩ(r)
πGΣ(r)
, (9)
where cs is the sound speed, Ω(r) is the epicyclical velocity at the radius r, G is gravitational
constant, and Σ(r) being the disk surface density.
Applying this equation to three considered disk models that fit the observations, namely,
the uniform disk (p = 0), minimum-mass solar nebula (p = −3/2), and reference model
(p = −5/2), we find that the corresponding Q-factors at the disk outer boundary r = 400 AU
are 0.57, 22, and 300, respectively. It is likely that these values are smaller because of the
local density enhancement at the disk outer edge due to the mass flow from the envelope.
Thus, continuous mass feeding of the AB Aur disk from the surrounding envelope may make
it gravitationally unstable. Consequently, the disk will develop prominent spiral arms trailing
around through which the matter from the outer edge will be rapidly transported inward,
to the disk inner regions (Larson 2003).
In Sections 5.1 and 5.2.2 we have claimed that presence of local high-density (clump-like)
structures in the AB Aur system is a necessary requirement to explain the peculiar shape
of the HCO+(1-0) profiles in a region of the PdBI map and the high ratio of the single-
dish IRAM CS(5-4) and CS(2-1) spectra. This suggestion is supported by the near-infrared
Subaru observations of Fukagawa et al. (2004) that reveal the presence of a few spiral arms,
a knotty structure, a dark lane, and underlying circular inhomogeneous structure in the AB
Aur system at r . 600 AU (see Fig. 3 therein). They have also found that these arms are
trailing and concluded from similar arguments that we caught the gravitational instability
at work in a protoplanetary disk. Note that spiral density waves can also be produced by
tidal interactions between the disk matter and hidden low-mass (planetary) companion(s).
However, Fukagawa et al. have ruled out such a possibility because otherwise a companion
would have been detected. It is worth to mention here that recently Fromang et al. (2004)
have simulated the evolution of magnetized self-gravitating disks in 2D and 3D that show
amazingly similar spiral structure as has been observed by Fukagawa et al. (2004) (compare
Figures 5 and 3 there, respectively).
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The continuous replenishment of the AB Aur disk matter by “fresh” material from
the envelope via inward accretion by the spiral arms provides a natural explanation for the
observational fact that the bulk of dust grains in the disk are pristine and closely resemble the
ISM dust particles (see Bouwman et al. 2001; Meeus et al. 2001). Actually, it can also be true
for some other Herbig Ae/Be systems as well. Though this hypothesis should be carefully
verified by future observations and modeling, it can explain why some Herbig systems do
not show significant grain evolution after several million years of the evolution, while other
do.
6. Summary and conclusions
We observed the AB Aur system at millimeter wavelengths and studied its chemical
composition with the IRAM 30-m antenna and Plateau de Bure array during 2000-2002.
Overall, nine different molecular species in a dozen rotational transitions were detected at
low resolutions (10-30′′) using the IRAM telescope: CO, C18O, CS, HCO+, DCO+, H2CO,
HCN, HNC, and SiO. From the measured negative intensity of the DCO+(2-1) line, we found
strong evidence that the AB Aur envelope extends up to at least ∼ 35 000 AU from the star.
In contrast, with PdBI we detected only the HCO+(1-0) emission from the AB Aur disk
at the modest ∼ 5′′ resolution. The symmetric “butterfly” (two-lobe) appearance of the
intensity-weighted velocity map is indicative of a rotating . 10′′ (. 1 500 AU) disk that is
seen close to face-on with a positional angle of∼ 90◦. To account for these observational data,
we used for the first time a coherent modeling of the disk and envelope physical structure,
chemical evolution, and radiative transfer in molecular lines.
First, we modeled the AB Aur disk by the 2D flared passive disk model with vertical
temperature gradient and Keplerian rotation, using the 2D continuum radiative transfer
code and observational facts and theoretical constraints from the literature. To represent
the AB Aur envelope, we adopted the infalling isothermal spherical cloud model with a
central region shadowed by the disk and two wide cones transparent to the stellar radiation.
Second, for both the disk and envelope models, time-dependent abundances and column
densities of observationally important molecules were calculated for 3 Myr of the evolution
with the gas-grain UMIST95 chemical network supplied by dust surface reactions, reactions
of deuterium fractionation, and CO and H2 shielding. After that, the calculated abundances
of HCO+, CO, C18O, and CS molecules were translated to the excitation temperatures of
the CO(2-1), C18O(2-1), HCO+(1-0), HCO+(3-2), CS(2-1), and CS(5-4) transitions by mean
of the 2D non-LTE line radiative transfer code. Finally, with the same code we synthesized
the beam-convolved HCO+(1-0) interferometric map and single-dish CO(2-1), C18O(2-1),
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HCO+(1-0), HCO+(3-2), CS(2-1), and CS(5-4) lines and compared them directly with the
observational data. Iterating this modeling scheme about 30 times (each run took ∼ 3 days
on a Pentium IV 2.4GHz PC), we constrained the parameters of the AB Aur system and
their uncertainties by varying the model configurations in a robust step-by-step way.
Overall success of such an advanced and complicated theoretical approach to explain
the observational data is surprising. The best-fit disk model reproduces the intensities,
widths, and profiles of the observed HCO+(1-0) spectra on the entire interferometric map
apart from one corner. There the line profiles show a fake absorption-emission shape that
resembles the inverse P Cygni profile. We suggested that this can be indirect evidence for a
local inhomogeneity (density enhancement) of the nearby envelope at r & 600 AU.
The constrained parameters of the AB Aur disk are the following. The AB Aur disk is
in Keplerian rotation and inclined by ι = 17+6−3
◦, whereas its position angle is φ = 80 ± 30◦.
The uncertainties of the derived inclination angle are mainly caused by the uncertainty of
the adopted stellar mass and spread in the radial gradient of the disk surface density. The
radius of the disk is Rout = 400± 200 AU and its mass is Mdisk = 1.3 · 10−2M⊙ with a factor
of ∼ 7 uncertainty. The uncertainty of the constrained mass is mainly caused by possible
variations of the gas-to-dust mass ratio and the size of dust grains in this object.
The best-fit model of the AB Aur disk and inner shadowed part of the envelope (disk-in-
envelope model) successfully reproduces the intensities, widths, and profiles of the single-dish
CO(2-1), C18O(2-1), HCO+(1-0), HCO+(3-2), and CS(2-1) spectra with the exception of the
CS(5-4) data, which can be fitted only by the model with clumps that have a characteristic
density of about 5 · 107 cm−3 and homogeneously fill in 3% of the full 10′′ IRAM beam in
the CS(5-4) transition. We found that the large ∼ 2 km s−1 width of the observed CO(2-1)
emission cannot be explained by this model alone and is likely due to contamination by
moving gas clouds along the line of sight to AB Aur. The best-fit envelope model has a
mean temperature of about 35 ± 14 K, power-law density distribution ρ ∝ r−1.0±0.3 with
the initial density of 9.4 · 10−19 g cm−3 at 400 AU, mass of the shielded region within 400 <
r < 2 200 AU, M shenv = 4 · 10−3M⊙, and total mass of about 6 · 10−3M⊙ (the latter three
quantities are uncertain by a factor of ∼ 7). Here, the ±14 K uncertainty of the average
envelope temperature is due to the ∼ 10-15% calibration errors in the observed CO(2-1) flux
and a ∼ 15% uncertainty in the distance to AB Aur.
The estimated parameters of the AB Aur disk and envelope are in reasonable agree-
ment with other studies performed so far. Furthermore, the applied step-by-step theoretical
approach allowed to account for various observed interferometric and single-dish molecular
spectra of AB Aur simultaneously. We conclude that a comprehensive theoretical modeling
of the observed interferometric maps obtained even with modest resolution offers an unique
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possibility to constrain the masses, sizes, orientation, and dynamical structure of young pro-
toplanetary disks in an independent way. The same approach applied to single-dish spectra
is capable in determining average temperature, density, and kinematical structures of the
surrounding envelopes.
Moreover, our best-fit model predicts that the ∼ 10−8M⊙ yr−1 mass accretion to be in
the AB Aur system is regulated by steady contraction of the envelope that is only partly
supported by rotation and magnetic field acting against gravitation. It also gives a rough
estimate of the timescale for dispersal of the entire system, t . 25 Myr. We argue that the
continuous mass supply from the infalling envelope onto rotating disk produces gravitational
instabilities, resulting in a spiral disk structure, similar to that recently observed by Fukagawa
et al. (2004) and simulated with a 3D MHD code by Fromang et al. (2004). We conclude
that the continuous replenishment of the AB Aur disk matter by the material from the
surrounding envelope provides a straightforward explanation to the observational fact that
most of the disk grains are pristine and resemble ISM dust particles even after several Myr
of the evolution, which can also be true for other Herbig Ae/Be systems.
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Fig. 1.— Single-dish emission lines observed toward AB Aur with the IRAM 30-m antenna.
From the upper left to the lower right panel (a-l) the following lines are shown: CO(2-1),
C18O(2-1), HCO+(1-0), HCO+(2-1), DCO+(2-1), HCO+(3-2), CS(2-1), CS(5-4), HCN(1-0,
F=2-1), HNC(1-0), H2CO(31,2-21,1), and SiO(2-1, v =0). The intensity values are given in
units of the main beam temperature (Kelvin). On every spectrum the corresponding IRAM
beam size is indicated in arcseconds. We marked by the shorthand “fsw” those measure-
ments that have been done with the 5 MHz frequency shift, otherwise the beam wobbling
observational mode has been used. The value of the system velocity Vlsr = 5.85 km s
−1 is
depicted in each panel by thick vertical line.
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Fig. 2.— Smoothed velocity map (in km s−1) of the AB Aur system observed with the Plateau
de Bure interferometer in the HCO+(1-0) transition at ∼ 89 GHz (synthesized HPBW beam
size is 6.76′′×5.09′′). The distribution of the integrated line intensity within this ∼ 10′′ object
is represented by contour lines (green in electronic edition). The levels are equidistant with
0.05 Kkms−1 intensity steps. The “butterfly” (“blue-red” in electronic edition) symmetric
appearance of the map is characteristic of a globally rotating disk-like configuration that is
observed close to face-on (ι ∼ 0◦). The border between these two lobes corresponds to the
projection of the disk rotational axis on the sky plane (V = Vlsr). It implies that the disk
positional angle φ is about 90◦.
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Fig. 3.— This is a sketch of the AB Aur system (due to the symmetry of the model only
one quadrant of its vertical slice is presented). The passive flared disk is shown in black,
while the surrounding spherical envelope is painted in gray. The envelope is further divided
in the torus region shadowed from the direct stellar light by the disk (dark gray) and two
unshielded lobes (light gray; only one is shown). The geometrical parameters of the best-fit
AB Aur model are the following: Rin = 400 AU, Rout = 2 200 AU, and θ = π/2− θ1 = 25◦.
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Fig. 4.— Thermal structure of the adopted disk model is shown in the left panel, where solid
curve represents the so-called ”snowline” (T = 100 K). The relevant density distribution is
presented in the right panel. There, three solid lines correspond to the disk regions with
number densities of 102 cm−3, 105 cm−3, and 108 cm−3 (from the disk surface to midplane,
respectively).
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Fig. 5.— Radial distributions of the calculated vertical column densities in the disk (left
panel) and envelope (right panel). Thick solid line represents the results for HCO+ obtained
with the standard model of the UMIST95 gas-grain chemistry assuming 0.3µm grains and
3 Myr evolutionary time span, whereas open squares correspond to the case of earlier 0.3 Myr
chemistry. The same standard model is used to compute column densities for CO molecules,
which are depicted by dashed lines. Note that the CO column densities are scaled by a factor
of 107. In the left panel, we denote the HCO+ disk column densities calculated with the
model of larger 1µm dust grains by open triangles, whereas crosses and open circles stand
for the results obtained with the standard model, but two different gas-to-dust ratios, 10 and
1000, respectively. Finally, dashed-dotted line in the left panel corresponds to the HCO+
column densities in the disk after 3 Myr of the evolution, which are computed using the
OSU03 gas-grain chemical network with 1.0µm grains.
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Fig. 6.— Calculated excitation temperatures in the disk for the CO(2-1), CS(2-1), HCO+(1-
0), and HCO+(3-2) transitions are presented in the upper left (a), upper right (b), lower left
(c), and lower right (d) panels. Light gray areas in the panels (b) and (c) indicate the disk
regions with negative excitation temperature (inversion in the level populations). The plots
look somewhat coarse due to a finite discretization of the applied disk model.
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Fig. 7.— Synthetic (thick line) and observed (thin line) HCO+(1-0) interferometric spectra
of the AB Aur disk are compared (these lines are marked red and blue in electronic edi-
tion). The vertical (Dec) and horizontal (RA) axes are offsets in arcseconds from the disk
center (standard “N–E” observational orientation). To produce every synthetic spectrum,
we convolve it with the Gaussian beam of 5.87′′. The intensity of all spectra spans the same
[−0.12 K, 0.195 K] range expressed in units of the main beam temperature (see Table 5).
The size of the adopted disk model is depicted by solid circle, while the projection of the disk
rotational axis on the sky plane is shown by straight line (both appear green in electronic
edition). The best-fit values of the inclination (ι = 17◦) and positional (φ = 80◦) angles are
indicated in the lower left corner of the plot.
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Fig. 8.— Normalized single-dish IRAM spectrum (thin line) of the HCO+(1-0) emission in
comparison with the average HCO+(1-0) interferometric spectrum (thick line) obtained with
PdBI (the lines are blue and red in electronic edition). In the former case, the intensity of
the spectrum has been scaled down by the square of the IRAM HCO+(1-0) beam size of
29′′, while in the latter case the intensity has been averaged over a total of 12× 13 (1′′× 1′′)
various interferometric HCO+(1-0) PdBI spectra.
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Fig. 9.— Observed (thin line) and synthesized (thick line) HCO+(1-0) spectra at the center
of the interferometric map (these lines are red and blue in electronic edition, respectively).
Three different cases are shown, namely, the inclination angle 10◦ (left panel), 15◦ (middle),
and 20◦ (right panel). The observed line profile is consistent with a value of the inclination
angle between 15◦ and 20◦.
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Fig. 10.— Comparison between the observed (thin line) and synthetic (thick line) HCO+(1-
0) spectra for a part of the whole interferometric map outside of the disk center (the lines are
colored red and blue in electronic edition). The inclination angle is fixed, ι = 17◦, whereas
three different values of the positional angle are considered: φ = 40◦ (left panel), φ = 80◦
(middle), and φ = 120◦ (right panel). The overall comparison of the acquired and modeled
line profiles favors a value of the disk positional angle between φ ∼ 60◦ and 100◦.
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Fig. 11.— Observed (thin line) and synthetic (thick line) single-dish CO(2-1) spectra are
compared for three different envelope models (in electronic edition the lines are blue and
red, respectively). From left to the right panel, the models with a fixed density distribution
but different temperature of 15 K, 25 K, and 37 K are presented. As can be clearly seen,
the observed line intensity is reproduced only with the latter model. The high intensity
(Tmb ≈ 25 K) of the CO(2-1) spectrum suggests that this emission line is optically thick.
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Fig. 12.— Same as in Fig. 11 but for three different models. In the left panel, we present
the case where only the disk model has been used in the line radiative transfer calcula-
tions, whereas in the middle panel the result for the envelope model is shown. Finally, the
combination of these two cases (disk-in-envelope model) is shown in the right panel.
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Fig. 13.— Same as in Fig. 12 but for the HCO+(1-0) line (top row). In contrast with
CO(2-1), this line is optically thin. This is also true for the HCO+(3-2) spectrum, which
is shown in the second row from top. Note that the HCO+(3-2) emission generated in the
disk contributes much more to the resulting line profile than in the case of the HCO+(1-0)
line. The optically thin C18O(2-1) and CS(2-1) lines are shown in the third and fourth rows
from top, respectively. Overall agreement between the observed and modeled spectra is only
achieved with the disk-in-envelope model (right panels).
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Table 1. Parameters of the detected single-dish emission lines
Molecule Transition ν Tmb rms ∆Vobs Vlsr
∫
Tmbdv Dv ηbeam Beamsize
(J=) (MHz) (K) (K) (km s−1) (km s−1) (K km s−1) (km s−1) (′′)
CO 2− 1a 230538.0 25.2 0.176 1.2 5.9 32.5 0.051 0.53 10.8
C18O 2− 1a 219560.3 0.84 0.135 0.4 5.9 0.33 0.053 0.55 11.4
CS 2− 1a 97981.0 0.116 0.030 0.4 5.8 0.045 0.120 0.76 25.2
5− 4a 244935.1 0.44 0.158 0.20 4.8 0.136 0.048 0.5 10.0
5− 4 244935.1 0.73 0.190 0.17 4.7 0.136 0.048 0.5 10.05
HCO+ 1− 0 89188.5 0.54 0.029 0.54 5.9 0.310 0.066 0.78 29.0
2− 1b 178375.0 1.41 0.417 0.27 3.7 0.404 0.066 0.65 14.0
3− 2b 267557.6 1.16 0.269 0.26 4.8 0.315 0.044 0.45 9.3
DCO+ 2− 1a 144077.3 0.22 0.077 0.17 5.6 0.040 0.081 0.69 17.1
2− 1c 144077.3 −1.13 0.033 0.17 6.2 −0.024 0.081 0.69 17.1
HCN 1− 0, F= 0− 1 88633.9 0.117 0.025 0.65 9.9 0.080 0.132 0.78 28.2
1− 0, F= 2− 1 88631.8 0.201 0.025 0.77 5.1 0.165 0.132 0.78 28.2
HNC 1− 0a 90663.6 0.113 0.020 1.29 6.3 0.155 0.129 0.77 27.6
SiO 2− 1, v= 0 86847.0 0.091 0.027 0.19 7.0 0.019 0.067 0.78 29.0
H2CO Kp,Ko = 21,2 − 11,1 140839.5 0.234 0.089 0.25 6.0 0.063 0.083 0.70 17.5
Kp,Ko = 31,2 − 21,1 225697.8 0.899 0.232 0.27 5.2 0.264 0.133 0.54 11.0
a b c
Note. — The Col. (2) lists observed transitions at the rest frequencies from Col. (3). The intensities, noise, and FWHMs of detected lines are
presented in Col. (4)–(6), while in Col. (7) the line velocity shifts are specified. The corresponding integrated intensities and achieved spectral
resolutions are listed in Col. (8) and Col. (9). Finally, in Col. (10)–(11) the beam efficiencies and sizes are given.
aFrequency switching measurements,
bFit is made to the strongest line of a double-peak profile,
cSignal is negative due to subtraction of the strong DCO+(2-1) signal arising in the outer cold envelope region from the weaker emission that
originates in the inner warm (and thus less deuterated) part of the AB Aur envelope.
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Table 2. Parameters of the central star
Parameter Symbol Value Reference
Distance r∗ 144
+23
−17 pc 1
Temperature Teff 10 000± 500K 2
Radius R∗ 2.5± 0.2R⊙ 3
Mass M∗ 2.4± 0.2M⊙ 2
UV flux at 100 AU G∗ 1.5 · 105 4
References. — (1) van den Ancker et al. 1997; (2) van den
Ancker et al. 1998; (3) van den Ancker et al. 2000; (4) this
work
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Table 3. Parameters of the best-fit disk model
Parameter Symbol Value
Inner radius Rdiskin 0.7 AU
Outer radius Rdiskout 400± 200 AU
Temperature Tdisk 30-1 500K
Surface density at 1 AU Σ0 7.7 · 103 g cm−2 (± factor of ∼ 7)
Surface density profile p −2.5
Mass Mdisk 1.3 · 10−2M⊙ (± factor of ∼ 7)
Grain radius adisk 0.3µm
Gas-to-dust mass ratio mgd 100
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Table 4. Parameters of the best-fit envelope model
Parameter Symbol Value
Inner radius Renvin 400± 200 AU
Outer radius Renvout 2 200 AU
a
Shadowing angle θ 25◦
Temperature Tenv 35± 14K
Density at 400 AU ρ0 9.4 · 10−19 g cm−3 (± factor of ∼ 7)
Density profile p −1.0 ± 0.3
Mass M shenv 4 · 10−3M⊙ (± factor of ∼ 7)
Grain radius aenv 0.1 µm
Gas-to-dust mass ratio mgd 100
a
aThis value is limited by the largest 29′′ IRAM beam size used in our
observations.
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Table 5. Parameters of the 2D-LRT calculations
Parameter Symbol Value
Resolution of the numerical grid: r, θ ...
1) Disk model ... 28× 55
2) Envelope model ... 28× 55
3) Disk-in-envelope model ... 56× 55
Error in the level populations ... . 5%
System velocity Vlsr 5.85± 0.1 km s−1
Microturbulent velocity Vturb 0.2 km s
−1
Disk regular velocity Vdisk 46.2 · (r/1AU)−0.5 km s−1
Envelope regular velocity Venv 0.2 · (r/400AU)−1 km s−1
Background temperature Tbgr 2.73 K
Spectral resolution Dν 0.04 km s
−1
Inclination angle ι 17+6−3
◦
Positional angle φ 80± 30◦
PdBI HPBW beam ... 5.87′′
IRAM HPBW beam ... 9.3′′-29′′a
a
aSee Table 1, Col. (11)
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Table 6. Disk mass as a function of model parameters
Parameter Symbol Value Disk massa
Gas-to-dust ratio mgd 10 0.2
Gas-to-dust ratio mgd 1000 5.0
Grain radius adisk 1µm 5.0
HCO+ intensities Tmb . 0.14 K 0.3
HCO+ intensities Tmb . 0.3 K 2.1
HCO+ abundances ... 2 of standard 0.21
HCO+ abundances ... 0.5 of standard 1.8
Surface density profile p 0 0.7
Outer radius Rdiskout 400 AU 1.5
a
aDisk masses are given in units of the best-fit mass Mdisk = 1.3 ·
10−2M⊙.
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Table 7. Comparison of the AB Aur envelope models
Study Initial density at Density Massa Total mass
400 AU, g cm−3 profile M⊙ M⊙
1 2.3 · 10−20 0 5 · 10−4 1.6 · 10−3
2 9.4 · 10−19 -1 4 · 10−3 6 · 10−3
3 1.3 · 10−18 -1 6.8 · 10−3 2.5 · 10−2
4 1.6 · 10−18 -1.4 5.6 · 10−3 2 · 10−2
3 3.7 · 10−17 -2 5.4 · 10−2 2 · 10−1
a
aMass of the shadowed (≈ 28% by volume) part of the envelope
between 400 AU and 2 200 AU.
References. — (1) Miroshnichenko et al. 1999; (2) This work;
(3) Fuente et al. 2002; (4) Elia et al. 2004
